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SUMMARY 


A  brief  analysis  of  the  tandem  rotor  dynamic  airloads  data  has 
been  made  to  isolate  the  sources  of  the  high  dynamic  rotor  loads 
which  are  commonly  associated  with  blade  stall.  Blade  section 
airload  pressure  data  were  reduced  to  normal  force  and  pitching 
moment  coefficients  for  this  investigation.  Blade  stall,  com¬ 
pressibility,  and  radia3  flow  effects  are  shown  to  contribute  to 
these  high  dynamic  loads.  Aerodynamic  evidence  of  blade  stall 
occurs  at  significantly  less  severe  conditions  than  those  condi¬ 
tions  which  produce  excessive  loads. 


Blade  section  aerodynamic  pitch  moment  damping  is  shown  to  give 
a  positive  identification  of  blade  stall.  This  criterion  is  re¬ 
quired  since  there  is  little  variation  in  the  blade  section  lift 
data  which  can  be  attributed  to  stall.  Aerodynamic  pitch  moment 
damping  is  shown  to  be  a  predominantly  first-harmonic  phenomenon 
and  is  predicted  with  reasonable  accuracy  by  potential  flow 
theory  for  conditions  with  no  stall,  small  blade  section  sweep, 
and  small  compressibility  effects.  This  damping  becomes  nega¬ 
tive  over  a  portion  of  the  azimuth  due  to  stall. 
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Blade  stall  effects  are  shown  to  be  significantly  delayed  by 
the  local  sweep  angle  produced  by  the  radial  component  of  the 
local  resultant  velocity. 


For  inboard  sections  of  the  blade  which  experience  larger  sweep 
angles,  normal  force  (  a lift)  coefficients  larger  than  2.0  were 
measured  with  no  evidence  of  stall  showing  in  the  pitching  mo¬ 
ment  coefficients.  However,  there  is  an  indication  that  sweep 
also  produces  an  aerodynamic  pitch  moment  instability. 
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APPARENTLY  DUE  TO  SWEEP 


NORMAL  FORCE  COEFFICIENT 


Blade  stall  indications  from  the  aerodynamic  pitch  damping  data 
show  a  complicated  relationship  to  the  retreating  blade  tip 
angle  of  attack  calculated  with  the  assumption  of  uniform  down- 
wash  and  rigid  blades.  Variations  in  blade  stall  due  to  gross 
weight  and  rpm  changes  are  not  adequately  reflected  in  the 
calculated  angle  of  attack.  This  approximate  angle  of  attack 
has  been  evaluated  in  spite  of  its  known  inaccuracies  since  it 
is  convenient  and  is  used  in  most  of  the  contemporary  criteria 
for  blade  stall.  Establishment  of  a  single  value  of  maximum 
allowable  angle  of  attack  which  could  be  used  to  ensure  that 
stall  will  not  occur  would  be  excessively  restrictive  on  the 
operation  of  the  helicopter.  The  widely  used  criterion  of  14 
degrees  angle  of  attack  appears  to  be  overly  optimistic  with 
most  instances  of  stall  occurring  at  about  10  degrees. 
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The  bottom  of  scatter  of  the  blade  stall  test  points  shows  a 
strong  dependence  of  stall  on  the  local  Mach  number  of  the  re¬ 
treating  blade  sections.  Confidence  in  this  relation  is  some¬ 
what  limited  by  the  small  amount  of  data  which  have  been 
analyzed;  however,  a  greater  sensitivity  to  compressibility  of 
the  aft  rotor  data  can  be  noted.  Static  airfoil  data  are  shown 
to  give  a  fair  prediction  of  the  Mach  number  dependence  of 
rotor  blade  sections.  The  usefulness  of  this  prediction  is 
limited, since  the  available  rotor  theories  cannot  presently 
predict  the  maximum  normal  force  coefficient.  It  should  be 
noted  that  increases  in  rotor  rpm  apparently  can  increase  the 
Mach  number  enough  to  increase  stall  even  though  the  thrust  co¬ 
efficient  of  the  rotor  is  reduced. 
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It  is  suggested  that  this  initial  effort  be  expanded  to  formu¬ 
late  a  reliable  stall  criterion  from  the  analysis  of  airloads 
data.  Such  a  criterion  apparently  must  account  for  nonuniform 
downwash,  blade  bending,  and  the  variations  due  to  blade  radius 
of  the  following  parameters: 

1.  Maximum  angle  of  attack  and  possibly  the  maximum 
slope  of  angle  of  attack  with  azimuth  prior  to 
reaching  the  maximum  angle  of  attack 

2.  Local  blade  sweep  angle  and  the  rate  of  change  of 
sweep 

3.  Local  Mach  number  of  the  retreating  blade 

This  criterion  can  be  developed  from  purely  aerodynamic  con¬ 
siderations  based  on  the  available  rotor  airloads  measurements. 
Such  a  pure  aerodynamic  criteria  n  for  stall  will  be  of  value, 
but  the  practical  limitations  to  rotor  operations  due  to  blade 
and  control  dynamics  should  also  be  considered.  Rotor  systems 
can  usually  tolerate  a  significant  amount  of  aerodynamic  stall. 

Compressibility  effects  are  shown  to  contribute  significantly 
to  blade  loads.  Pitching  moment  coefficient-normal  force  co¬ 
efficient  plots  show  that  compressibility  produces  negative 
aerodynamic  damping  on  the  advancing  blade.  From  a  brief  study 
it  appears  that  this  phenomenon  occurs  when  the  blade  section 
advancing  Mach  number,  M (r/R,  90),  exceeds  0.85.  Further  anal¬ 
ysis  of  all  of  the  available  rotor  airloads  data  should  be  made 
to  define  the  effects  of  compressibility. 

APPARENT  REDUCTION  IN 


NORMAL  FORCE  COEFFICIENT 

A  further  effort  toward  synthesis  of  airfoil  data  from  rotor 
airloads  measurements  has  been  made  as  part  of  this  analysis. 
It  was  believed  that  the  prediction  of  the  instantaneous  angle 
of  attack  would  be  a  limiting  restraint  on  this  synthesis,  so 
three  methods  of  predicting  angle  of  attack  from  nonuniform 
downwash  analyses  are  evaluated  in  this  report.  It  is  shown 
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that  the  theoretical  quasi-static  angle  of  attack  which  includes 
blade  bending  effects  gives  a  good  prediction  of  the  azimuthal 
variations  of  the  normal  force  coefficients  of  the  forward 
rotor.  For  the  aft  rotor,  the  azimuthal  variation  of  the 
angle-of-attack  prediction  is  shown  to  be  poor.  It  is  suggested 
that  the  use  of  a  theoretical  angle  of  attack  in  the  synthesis 
is  unnecessary  and  that  the  angle  of  attack  should  be  estimated 
from  the  normal  force  coefficients.  A  method  of  utilizing  the 
airloads  data  to  prepare  synthesized  airfoil  data  based  on  this 
assumption  is  outlined. 


FOREWORD 


This  report  describes  the  results  of  an  extension  to  the 
Dynamic  Airloads  Program  to  obtain  data  under  extreme  operatir 
conditions  and  to  isolate  the  evidence  of  blade  stall  from  the 
resulting  data.  The  entire  project  was  performed  under  Con¬ 
tract  DA  44-177-AMC-124 (T)  through  the  period  from  June  1964 
to  January  1967.  The  reports  covering  the  basic  program  con¬ 
sist  of  four  volumes  as  follows: 


Volume  I, 

Volume  II, 

Volume  III, 
Volume  IV, 


Instrumentation  and  In-Flight  Recording 
System 

Calibrations  and  Instrumented  Component 
Testing 

Data  Processing  and  Analysis  System 
Summary  and  Evaluation  of  Results 


The  project  was  conducted  under  the  technical  cognizance  of 
William  T.  Alexander,  Jr.,  of  the  Aeromechanics  Division  of 
USAAVLABS.  The  author  of  this  report,  Richard  R.  Pruyn,  also 
served  as  Dynamic  Airloads  Project  Engineer  for  The  Boeing 
Company,  Vertol  Division. 
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oscillation  with  azimuth  based  on  the  forward 
flight  velocity  of  the  helicopter 

xix 


CNPT 


CNPT  N 


k^  q  reduced  frequency  of  the  first  harmonic  airload 

oscillation  with  azimuth  based  on  the  rotor 
rotational  speed 

constants  obtained  from  potential  flow  theory 

rotor  lift-to-effective  drag  ratio 

ratio  of  a  frequency  of  interest  to  the  rotor 
rotational  frequency 

M  a  local  Mach  number 

M(r/R,i|i)  functional  notation  for  the  local  Mach  number  at 
the  r/R  blade  radius  and  at  azimuth  position  ip; 
e.g.,  M(l. 0,270)  is  the  Mach  number  at  r/R  =  1.0 
and  <i>  -  270  degrees 

N  harmonic  number  based  on  rotor  rotational  frequency 

q  dynamic  pressure,  pounds  per  square  foot 

r  distance  from  the  center  of  rotation  to  a  partic¬ 

ular  blade  station,  inches 

R  rotor  blade  tip  radius,  incheo 

RGW  run  gross  weight,  pounds 

RHDL  region  of  high  dynamic  loads 

SA1|  longitudinal  first  harmonic  shaft  shear  to  rotor 

lift  ratio;  for  mid-cg  as  tested  rotor  lift  was 
assumed  to  be  one-half  of  the  run  gross  weight 

TPN  test  point  number 

V  resultant  velocity,  feet  per  second 

a  local  angle  of  attack,  degrees 

aCN  blade  section  angle  of  attack  calculated  from  CNp 

coefficient  using  potential  flow  theory,  degrees 


Ki,K2 


m 
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first  and  second  time  derivatives  of  ach»  degrees 
per  second  and  degrees  per  second^,  respectively 

a  blade  section  angle  of  attack  calculated  from 

a  o(SNUD-E)  by  the  addition  of  an  angle-of-attack 

rate  term,  degrees 

a (NUD-R)  blade  section  angle  of  attack  calculated  assuming 
nonuniform  downwash  and  rigid  blades,  degrees 

a (SNUD-E)  blade  section  angle  of  attack  calculated 

assuming  a  simplified  nonuniform  downwash  and 
elastic  blades,  degrees 

=a (1.0,270)  approximate  angle  of  attack  of  the  retreating 

blade  tip  as  calculated  assuming  uniform  downwash 
and  rigid  blades 

8A1  longitudinal  first  harmonic  blade  flapping 

amplitude  with  respect  to  the  shaft  axis,  degrees 

6A1C  longitudinal  first  harmonic  blade  flapping 

amplitude  with  respect  to  the  control  axis,  degrees 

Act  apparent  error  in  o  (SNUD-E) ,  degrees 

9  blade  section  pitch  angle,  degrees 

eB1  longitudinal  cyclic  blade  pitch  (longitudinal 

cyclic  trim  control  on  tandem  helicopter) ,  degrees 

A  local  blade  section  sweep  angle  produced  by  the 

radial  component  of  the  forward  flight  velocity  of 
the  helicopter,  degrees 

u ’  rotor  advance  ratio,  calibrated  true  airspeed  of 

helicopter  divided  by  the  rotational  tip  speed 
of  the  rotors 


mass  density  of  air,  slugs  per  cubic  foot 
rotor  solidity,  =  bc/rrR 


*  rotor  azimuth  angle,  measured  in  direction 

of  rotation  from  position  over  the 
centerline  of  the  helicopter  When  blade  tip 
is  pointing  aft 

n  rotor  rotational  speed,  radians  per  second 

3  partial  derivative  of  the  longitudinal- 

,  first  harmonic-control  axis  blade  flapping 

with  respect  to  the  advance  ratio 

1/rev. ,3/rev. , etc.  one  per  revolution,  three  per  revolution, 

etc. 


Note:  A  consistent  symbol  definition  has  been  used  in  this 
report  to  designate  the  flight  which  was  the  source 
of  the  data.  The  symbols  used  are  as  follows: 

Symbol 

0 
L 
6 
O 

A 
0 
& 

Q 
O 
□ 
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INTRODUCTION 


Discussions  of  blade  stall  apparently  must  start  with  a  strong 
reminder  that  rotor  blade  stall  and  the  stall  of  an  airplane 
wing  result  in  greatly  different  consequences.  The  buffeting, 
poor  control,  and  sudden  lift  loss  which  the  fixed-wing  aero- 
dynamicist  identifies  with  stall  do  not  apply  to  the  helicopter. 
From  model  testing,  the  rotor  aerodynamic i st ' s  point  of  view  is 
given  in  reference  6  as,  "...  to  ..  .  the  fixed  wing  aero- 
dynamicist  the  thought  is  that  stall  is  in  fact  a  response  to 
boundary  layer  separation  and  that  visibility  of  this  bound¬ 
ary  layer  separation  is  most  widely  publicized  with  curves  of 
airfoil  lift  and  drag  coefficients  versus  angle  of  attack. 

These  barometers  of  the  state  of  the  boundary  layer  always  show 
a  maximum  lift  coefficient  and  increase  in  airfoil  drag  as 
'stall'  occurs.  The  rotary  wing  aerodynamic ist,  although 
familiar  with  this  classical  stall  background,  must  determine 
what  the  'response  to  boundary  layer  separation’  is  for  a 
rotor.  In  short,  'blade  stall'  has  today  the  connotation  of 
blade  lift  loss  and  drag  rise;  .  .  .  (rotor  model  test  data) 

.  .  .  indicate  that  a  'lift  stall'  did  not  occur.  The  profile 
plus  induced  power  coefficient  indicates  a  drag  stall  did 
occur."  From  a  helicopter  flight  testing  point  of  view,  the 
situation  is  further  masked  by  the  relative  sizes  of  the  para¬ 
site  drag  power  and  the  profile  drag  power,  which  make  it  very 
difficult  to  determine  the  increase  in  profile  power  due  to 
stall.  Flight  testing  of  helicopters  to  determine  the  effects 
of  blade  stall  has  therefore  been  performed  many  times  with 
uncertain  results.  This  is  due  generally  to  the  smoothing 
nature  of  rotors  and  to  the  gradual  onset  of  the  conditions 
associated  with  stalling. 

Tandem  rotor  helicopters  tend  to  be  difficult  to  test  for  blade 
stall  because  stall-induced  vibration  and  the  expected  deterio¬ 
ration  of  flying  qualities  are  difficult  to  isolate.  The  lack 
of  stall  vibration  is  apparently  due  to  the  masking  of  stall- 
induced  vibration  by  the  rotor-airframe-rotor  coupling  and  by 
vibration  absorbers.  Flying  qualities  are  not  impaired 
because  of  the  strong  longitudinal  control  characteristics 
that  are  obtained  from  differential  collective  pitch  with  the 
tandem  rotor  helicopter.  Tandem  rotor  helicopters  are  there¬ 
fore  flown  routinely  in  blade  stall  conditions  with  no 
apparent  deleterious  effects,  until  the  dynamic  rotor  loads 
approach  such  magnitudes  that  the  fatigue  life  of  the  rotor 
system  components  becomes  seriously  affected.  This  situation 
makes  the  establishment  of  a  blade  stall  boundary  almost 
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impossible,  since  the  magnitude  of  the  load  which  can  be 
endured  depends  upon  the  design  of  the  component,  which  can 
nearly  always  be  changed  to  increase  strength.  To  avoid 
this  problem,  it  is  suggested  that  blade  stall  be  considered 
only  as  a  situation  which  tends  to  cause  high  blade  loads, 
those  loads  in  particular  which  are  at  frequencies  above  the 
third  harmonic,  or  which  increase  sharply  from  the  usual 
square-of-the-advance-ratio  trend.  These  loads  apparently 
are  caused  by  rapidly  changing  aerodynamic  loads  of  large 
magnitude,  or  are  due  to  a  reduction  of  aerodynamic  damping 
which  makes  the  inertia  loads  more  significant.  In  either 
case,  the  cause  is  aerodynamic  in  origin  and  is  associated 
with  high  angle  of  attack  or  rapidly  changing  angle-of-attack 
conditions.  The  analysis  of  the  dynamic  airloads  measurements 
presented  in  this  report  has  been  made  to  define  the  parameters 
of  this  problem. 

It  is  probably  fortunate  that  early  attempts  at  optimizing 
rotor  design,  like  that  of  reference  18,  were  made  by  rotor 
aerodynamicist8.  It  is  doubly  fortunate  that  these  aero- 
dynamicists  had  inadequate  techniques,  such  as  the  nonuniform 
downwash  theory,  available  to  define  the  rotor  loads  which 
would  have  resulted  from  their  optimizations.  The  helicopter 
industry  would  have  lost  considerable  enthusiasm  and  optimism 
if  this  were  not  the  case.  More  recent  rotor  optimization 
studies,  like  that  of  reference  14,  or  the  more  extensive 
study  of  reference  22,  have  shown  the  uncertainty  that  results 
when  rotor  loads  are  considered  in  the  optimization.  However, 
since  helicopters  are  now  commonly  accepted  as  proven  vehicles, 
the  real  practical  limitations  of  rotor  loads  can  now  be  faced 
objectively.  Rotor  optimization  for  minimum  rotor  loads  is 
required.  Airfoil  sections  which  produce  minimum  rotor  loads 
with  reasonable  performance  should  be  developed  for  rotors. 
Blade  planforms,  stiffness  and  mass  distributions,  twist  dis¬ 
tributions,  and  rotor  hub  geometries  which  produce  minimum 
loads  should  be  devised.  It  is  expected  that  these  efforts 
will  indicate  rotor  designs  which  can  operate  at  high  speed 
and  high  lift,  under  stall  conditions,  without  incurring 
significant  dynamic  loads. 
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As  mentioned  in  the  introduction,  blade  stall  investigations 
can  easily  digress  from  an  investigation  of  the  practical  lim- 
itations  to  the  operation  of  rotors.  To  avoid  this  situation, 
the  limitations  of  rotor  performance  are  discussed  and  a  back-* 
ground  of  the  static  airfoil  data  available  to  predict  this 
performance  is  presented.  Some  of  the  meager  dynamic  airfoil 
section  performance  data  available  are  presented  and  discussed.* 
The  general  inadequacy  of  the  tools  for  predicting  rotor  loads 
in  extreme  operating  conditions  is  illustrated. 

ROTOR  PERFORMANCE  LIMITATIONS 

It  should  be  emphasized  that,  while  blade  stall  tends  to  in¬ 
crease  the  power  required  for  a  rotor,  the  power  increase  is 
generally  moderate  and  does  not  pose  a  limitation.  This  situ¬ 
ation  is  illustrated  by  the  rotor  performance  data  which  are 
available  in  the  literature.  Some  of  these  data  have  been 
compiled  and  prepared  as  lif i-to-effective-drag  ratios  at  con¬ 
stant  propulsive  force  coefficient  as  shown  in  Figure  1.  It 
should  be  noted  in  these  data  that  even  the  relatively  unso¬ 
phisticated  H-21  rotor  had  a  lift-drag  ratio  of  six  at  an 
advance  ratio  of  0.42.  This  lift-drag  ratio  is  the  same  as 
that  which  would  be  expected  at  the  normal  H-21  operating  ad¬ 
vance  ratio  of  about  0.23.  Since  the  H-21  rotor  performance 
was  quite  satisfactory  at  an  advance  ratio  of  0.23,  it  should 
also  be  satisfactory  at  any  other  speed  which  gives  an  equal  or 
better  lift-drag  ratio.  Therefore,  operation  to  advance  ratios 
of  at  least  0.42  appears  to  be  practical  from  a  performance 
consideration,  even  with  the  rotor  providing  all  the  propulsion 
of  a  relatively  high-drag  helicopter.  With  reduced  drag  this 
situation  improves  considerably. 


*  Since  this  report  was  written,  the  lack  of  dynamic  airfoil 
data  was  alleviated  slightly  by  the  publication  of  the  follow¬ 
ing  paper;  Carta,  F.O.,  An  Analysis  of  Stall  Flutter 
Instability  of  Helicopter  Rotor  Blades.  Paper  No.  130  presented 
at  the  23rd  Annual  National  Forum  of  the  American  H'  ..icopter 
Society,  May  1967. 


3 


(L/D) r 


NOTE:  DATA  OBTAINED  AT 


Figure  1.  Effect  of  Advance  Ratio  on  Isolated  Rotor 

Efficiency  When  Producing  Propulsive  Force. 
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Figure  1  also  contains  advanced  geometry  model  rotor  data  which 
reached  a  lift-drag  ratio  of  nine  when  operating  at  advancing 
tip  Mach  numbers  of  less  than  0.8.  A  calculated  correction  to 
these  data  for  operation  at  a  constant  rotational  speed  is  also 
shown  in  the  figure  and  illustrates  the  serious  effects  of  com¬ 
pressibility  on  rotor  performance.  It  appears  that  blade  stall 
losses  are  much  less  severe.  Since  both  stall  and  compressi¬ 
bility  produce  high  rotor  loads,  it  is  believed  that  rotor 
design  efforts  should  emphasize  the  minimization  of  stall 
effects  on  rotor  loads  in  combination  with  reduced  ro  :or  speeds 
to  avoid  compressibility  effects. 

STATIC  AIRFOIL  SECTION  PERFORMANCE 

The  aerodynamic  environment  of  a  rotor  is  neither  static  nor 
quasi-static,  so  that  the  consideration  of  static  airfoil  sec¬ 
tion  performance  in  rotor  stall  studies  is  of  extremely  limited 
value.  As  noted  in  the  introduction  to  Volume  IV  of  this  re¬ 
port,  dynamic  airfoil  tests  show  that,  even  for  conditions 
similar  to  the  first  harmonic  variations  of  the  rotor  environ¬ 
ment,  time-dependent  effects  on  airfoil  performance  are  very 
significant.  However,  the  available  dynamic  airfoil  data  are 
extremely  limited  and  considerable  static  data  have  been  com¬ 
piled  so  that  some  discussion  is  warranted. 

The  airfoil  section  of  the  CH-47A  blades  as  tested  in  this  pro¬ 
gram  was  an  NACA  0012  which  was  increased  in  chord  with  a  sym¬ 
metrical  leading  edge  cap  and  a  flat  plate  trailing  edge  exten¬ 
sion.  Typical  performance  data  for  this  airfoil  section 
measured  at  a  Mach  number  such  as  would  be  expected  for  a  sec¬ 
tion  of  a  retreating  blade  are  shown  in  Figure  2.  It  should  be 
noted  that  these  data  were  obtained  from  semispan  wing  wind 
tunnel  testing  and  should  be  corrected  for  the  loss  of  maximum 
lift  coefficient  due  to  wing  tip  effects.  An  increase  of  about 
10  percent  of  the  measured  maximum  lift  coefficient  is  appar¬ 
ently  required  for  truly  two-dimensional  static  airfoil  data; 
however,  this  correction  to  the  data  has  not  been  made  due  to 
the  overshadowing  effects  of  the  rotor  dynamic  environment. 
Within  these  limitations  a  stall  criterion  for  defining  the 
likelihood  of  a  change  in  blade  loads  with  angle  of  attack  is 
illustrated  in  Figure  3.  Two  criteria  for  a  boundary  of  pitch¬ 
ing  moment  divergence  at  stall  are  shown  as  a  function  of  Mach 
number.  Due  to  the  unknowns  produced  by  the  dynamic  environ¬ 
ment,  the  boundaries  suggested  b/  these  data  are  probably  not 
applicable  to  rotors;  however,  the  strong  dependence  on  local 
Mach  number  will  be  shown  to  apply  to  the  rotor  case.  It  is 
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Figure  3.  Boundaries  for  Pitching  Moment  Divergence  of  CH-47A  Airfoil  Section 
(0011-1.43)  from  Wind  Tunnel  Static  Test. 


also  of  interest  that  the  rotor  aerodynamicist ' s  usual  stall 
limit  of  14  degrees  is  considerably  beyond  the  limit  which 
would  be  established  based  on  pitching  moment  divergence.  The 
14-degree  criterion  apparently  is  a  carryover  from  the  lift- 
stall  concept  and  does  not  apply  to  rotors. 

mms-hmpmius  jsmsis.  ql  the  ms&jmzsmassL 

At  present  there  is  no  way  to  simulate  the  complicated  azimuth¬ 
al  variations  in  velocity,  angle  of  attack,  and  rate  of  heave 
produced  by  rotors.  The  only  dynamic  wind  tunnel  data  avail¬ 
able  are  steady-state  oscillating  airfoil  tests.  The  most 
applicable  of  these  data  to  the  rotor  situation  are  the  data 
of  reference  20.  In  this  reference  the  significant  reduction 
in  the  negative  damping  due  to  stall  which  is  produced  by  air¬ 
foil  camber  is  shown.  It  is  also  suggested  that  the  influence 
of  heave  motions  on  stall  flutter  is  negligible.  These  types 
of  data  show  considerable  differences  between  the  starting 
cycle  and  steady-state  cycles.  For  rotors,  stall  oscillations 
as  evidenced  by  blade  torsion  and  control  loads  start  and  stop 
during  each  revolution,  starting  on  the  retreating  side  of  the 
rotor  disk  and  stopping  near  the  zero  azimuth  angle.  The  mag¬ 
nitude  of  the  damping  of  oscillations  through  stall  as  measured 
in  the  steady-state  tests  is  apparently  much  larger  than  that 
which  occurs  for  the  starting-stopping  situation  of  the  rotor 
environment . 

There  are  some  data  available  on  rotor  airloads  during  hovering 
stall  flutter.  This  situation  is  of  some  special  interest 
since  it  is  similar  to  fixed-wing  stall  flutter  and  steady-state 
oscillating  wind  tunnel  testing.  One  test  point  obtained  by 
Ham  at  M.I.T.  has  received  considerable  attention,  with  some  of 
the  data  published  in  reference  5.  A  somewhat  expanded  presen¬ 
tation  of  these  data  is  included  in  this  report  as  Figure  4. 

It  can  be  noted  in  this  figure  that  the  normal  force  coefficient 
( *  Cfc)  is  influenced  only  slightly  by  stall,  with  the  aerodyna¬ 
mic  lift  damping  predicted  reasonably  well  by  the  potential  flow 
(Theodorsen)  theory.  Pitching  moment  data  from  this  test  are 
shown  to  be  significantly  influenced  by  stall.  As  shown  in  the 
right  plot  of  Figure  4,  the  first  quarter  of  the  pitching 
oscillation  gives  a  moment-to-pitch-angle  relationship  which  is 
predicted  by  the  potential  flow  theory.  When  the  pitch  angle 
has  increased  beyond  15  degrees,  the  moMent  does  not  follow  the 
prediction  but  remains  at  a  fairly  constant  and  relatively 
large  negative  value.  As  the  pitch  angle  starts  to  decrease, 
the  moment  breaks  sharply,  reaching  a  value  similar  to  a  fully 
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NOTES:  1.  AIRLOAD  COEFFICIENTS 
OBTAINED  FROM  MODEL 
ROTOR  WHIRL  TEST  DATA, 
REFERENCE  5 

2.  OPERATING  CONDITIONS 
WERE  M  »  0.18  AND 

kgtf  «=  0.28. 


NEGATIVE  DAMPING  INDICATED 
BY  CLOCKWISE  PROGRESSION 
OF  DATA 
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BLADE  SECTION  PITCH  ANGLE.  9  -  DEGREE 


Figure  4.  Illustration  of  Time-Dependent  Effects  Which  Can 
Occur  in  Rotor  Section  Performance, 


IE  SECTION  PITCH  ANGLE,  6  -  DEGREES 


BLADE  SECTION  PITCH  ANGLE,  »  -  DEGREES 


stalled  thin  plate;  that  is,  with  the  center  of  pressure  at 
the  midchord.  Further  reductions  of  the  pitch  angle  cause  the 
pitch  moment  to  return  to  zero  as  the  minimum  pitch  angle  is 
reached 

The  data  presentation  shown  in  the  uppermost  plot  of  Figure  4 
is  used  later  in  this  report  to  indicate  the  aerodynamic  damp¬ 
ing  relationships  of  the  rotor  airloads  measurements  obtained 
in  this  program.  This  presentation  depends  only  on  the  measured 
normal  force  and  pitching  moment  coefficients,  Cjjp  and  C^p. 
Except  for  a  time  delay  which  can  be  shown  to  be  small  for  the 
rotor  situation,  Cjjp  is  almost  linearly  equal  to  the  angle  of 
attack.  Therefore,  the  C^p  versus  Cjjp  plot  is  essentially  a 
Cjijp  versus  angle-of-attack  plot,  and  shows  the  presence  of 
aerodynamic  damping  if  an  area  is  enclosed  by  a  counterclock¬ 
wise  progression  of  the  data.  As  shown  in  Figure  4,  a  negative 
aerodynamic  damping  is  indicated  for  this  stall  flutter  test 
point. 

It  is  emphasized  in  this  report  that,  whenever  damping  is  dis¬ 
cussed,  it  will  always  be  the  aerodynamicist ' s  concept  of 
damping.  This  is  not  necessarily  the  rotor  dynamicist's  damp¬ 
ing,  since  blade  motions  due  to  blade  pitch,  bending,  or 
twisting  are  not  linearly  equivalent  to  angle-of-attack  varia¬ 
tions.  It  is  therefore  possible  (but  unlikely)  for  positive 
aerodynamic  damping  to  appear  in  the  control  system  equations 
of  motion  as  a  negative  damping.  The  resolution  of  this  com¬ 
plication  is  beyond  the  scope  of  the  present  study. 

RADIAL  FLOW  EFFECTS 


The  blade  section  sweep  angle  produced  by  the  radial  component 
of  the  helicopter's  forward  velocity  has  been  shown  in  refer¬ 
ence  6  to  be  a  further  explanation  for  the  stall  delay  of 
rotors.  Static  wind  tunnel  data  obtained  with  a  yawed  wing 
were  reduced  to  two-dimensional  data  which  show  a  significant 
lift-stall  relief  due  to  sweep  angle.  At  higher  advance  ratios, 
rotor  blades  experience  sweep  angles  of  30  to  35  degrees  at 
the  three-quarter  radius  and  probably  experience  much  larger 
sweep  angles  near  the  reversed  flow  region.  As  shown  in  Figure 
5,  increases  in  the  maximum  lift  coefficient  of  about  30  per¬ 
cent  should  be  expected  due  to  30  degrees  of  sweep.  While  it 
is  not  shown  in  this  figure,  it  should  be  noted  that  the  lift- 
stall  delay  does  not  apply  to  the  pitching  moments.  The  stall- 
induced  divergence  of  the  pitching  moments  is  almost  indepen¬ 
dent  of  the  sweep  angle. 
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ANGLE  OF  ATTACK  -  DEGREES 
(MEASURED  IN  PLANE  NORMAL  TO  SPAN  AXIS) 


Figure  5.  Delay  of  Lift-Stall  Due  to  Local  Blade  Section 
Sweep  Angle. 
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TESTS  AT  THE  HIGH  DYNAMIC  LOADS  BOUNDARY 


The  tandem  rotor  airloads  measurement  program  included  a  wide 
range  of  operating  conditions,  with  approximately  40  test 
points  obtained  near  the  high  dynamic  loads  (HDL)  boundary. 
These  test  points  are  illustrated  in  Figure  6.  Due  to  the 
relatively  unproven  nature  of  the  highly  instrumented  rotor 
blades,  a  reasonable  margin  was  maintained  from  the  HDL  bound¬ 
ary.  Test  points  (TPN)  224,  225,  and  226  were  flown  at 
higher  altitudes  and  were  specifically  intended  to  investigate 
stall  effects.  Penetration  of  the  HDL  boundary  was  not 
possible  with  the  test  aircraft  due  to  high  loads  and  excessive 
vibration.  Test  points  were  also  flown  to  achieve  a  maximum 
advance  ratio,  with  test  point  217  reaching  an  advance  ratio 
of  0.37  at  158  knots.  This  testing  was  also  limited  by 
excessive  vibration. 

An  indication  of  the  severity  of  the  operating  conditions 
tested  can  be  obtained  from  the  calculated  retreating  blade 
tip  angle  of  attack  based  on  uniform  downwash,  -a (1.0,270). 
These  data  are  presented  in  Figure  7  and  show  a  reasonable 
correlation  of  proximity  to  the  HDL  boundary  and  an  angle  of 
attack  which  would  be  near  the  pitching  moment  divergence 
boundary  of  Figure  3.  Later  in  this  report  it  will  be  shown 
that  this  situation  is  quite  uncertain,  and  that  a  more  rig¬ 
orous  criterion  for  the  high  loads  due  to  large  retreating 
blade  tip  angle  of  attack  is  required.  In  particular,  the 
relative  positions  of  test  points  226  and  217  in  this  plot 
should  be  noted,  with  larger  angles  of  attack  shown  for  test 
point  217.  Test  point  217  data  will  be  shown  to  evidence  no 
significant  effects  of  stall. 

The  measured  azimuthal  average  airload  normal  force  and  pitch¬ 
ing  moment  distributions  are  shown  in  Figures  8  and  9  for  some 
typical  test  points  obtained  at  high  speed.  Only  small  dif¬ 
ferences  in  average  loading  are  shown,  with  a  small  increase 
in  loading  reflecting  the  increased  propulsion  required  at 
higher  speed.  The  significant  difference  in  the  average  rotor 
loading  distribution  between  the  forward  and  aft  rotors,  dis¬ 
cussed  in  Volume  IV,  is  shown  to  continue  at  light  weights  and 
high  speed.  The  forward  rotor  data  continue  to  show  fairly 
uniform  loading  distribution  with  radius,  but  the  average  load¬ 
ing  is  reduced  somewhat  inboard,  apparently  due  to  the  down¬ 
load  in  the  reversed  flow  region.  Reversed  flow  effects 
apparently  cause  the  large  positive  average  pitching  moment  at 
the  inboard  end  of  the  forward  rotor.  The  aft  rotor  data 
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presented  in  Figure  9  show  the  more  usual  rotor  load  distribu¬ 
tion  of  the  aft  rotor,  with  the  largest  load  carried  near  the 
blade  tips.  This  load  distribution  apparently  makes  the  aft 
rotor  considerably  more  sensitive  to  stall.  It  is  believed 
that  differences  in  the  stalling  pattern  cause  the  peculiar 
variations  in  average  pitching  moment  with  radius  shown  at  the 
outboard  end  of  the  aft  rotor.  The  indications  of  the  effects 
of  reversed  flow  are  also  considerably  different  for  the  two 
rotors,  with  the  forward  rotor  behaving  as  expected.  As  also 
shown  in  Figure  9#  the  average  pitching  moment  for  the  inboard 
end  of  the  aft  rotor  blade  is  a  fairly  large  negative  value. 
These  data  cannot  be  explained;  however,  later  data  presenta¬ 
tions  also  show  other  significant  differences  in  the  indica¬ 
tions  of  reversed  flow  effects  of  the  two  rotors.  The  study  of 
the  airloads  data  to  isolate  the  effects  of  reversed  flow  ap¬ 
pears  warranted  but  is  beyond  the  scope  of  the  present  study. 

The  practical  potential  of  helicopter  rotor  operation  at  high 
speeds  has  been  subject  to  question  and  is  believed  to  be  some¬ 
what  supported  by  the  data  shown  in  Figures  10  and  11.  These 
data  are  the  harmonic  coefficients  of  the  aft  rotor  airload 
normal  force  data  for  typical  nonstalled  test  conditions  at 
various  advance  ratios.  It  is  shown  that  the  airload  coeffi¬ 
cients  generally  decrease  continually  with  increased  advance 
ratio,  with  almost  negligible  harmonic  coefficients  shown  at 
an  advance  ratio  of  0.37.  These  data  are  believed  to  indicate 
that,  when  the  dynamic  system  of  the  rotor  is  properly  tuned 
and  if  stall  can  be  avoided  or  properly  handled,  rotor  opera¬ 
tion  to  advance  ratios  of  at  least  0.37  can  be  accomplished 
with  less  vibration  than  is  experienced  at  lower  speeds.  Non- 
uniform  downwash-aeroelastic  rotor  analyses  generally  support 
this  conclusion. 
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Figure  6.  Test  Points  Obtained  Near  Boundary  of  High 
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Azimuthal  Average  Normal  Force  and  Pitching  Moment 
Loading  on  the  Aft  Rotor  at  High  Speed. 
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EVIDENCE  OF  STALL  IN  ROTOR  LOADS  AND  BLADE  MOTION  DATA 

In  a  later  section  of  this  report  (Indications  of  Negative 
Aerodynamic  Damping,  Stall  Effects,  page  54),  it  will  be 
shown  that  at  least  14  test  points  of  this  program  had 
aerodynamic  evidence  of  blade  stall.  The  rotor  loads  data 
which  are  presented  in  this  section  do  not  show  evidence  of 
stall  effects  except  for  one  somewhat  more  severe  test  point 
(TPN  226) .  This  contradiction  is  emphasized  since  the  rela¬ 
tion  between  aerodynamic  stall  and  the  practical  evidence  of 
the  phenomenon  called  "stall"  is  highly  dependent  on  the 
dynamic  response  of  the  rotor  system.  An  explanation  of  how 
aerodynamic  stall  can  occur  without  causing  the  loads  which 
are  commonly  associated  with  stall  is  beyond  the  scope  of 
this  report. 

There  has  been  considerable  conjecture  that  one  of  the  more 
serious  effects  of  blade  stall  is  an  increase  in  the  longitudi¬ 
nal  component  of  the  first  harmonic  blade  motions  about  the 
flap  hinge.  On  the  tandem  helicopter,  an  increase  in  this  com¬ 
ponent  of  blade  flapping  can  result  in  excessive  rotor  shaft 
bending  stresses,  reduced  fuselage-to-rotor  clearance,  or 
excessive  cyclic  trim  requirements.  To  study  this  problem, 
the  blade  motion  data  have  been  corrected  for  cyclic  trim  and 
normalized  by  the  thrust  coefficient  for  a  large  variety  of 
level  flight  test  points.  If  reversed  flow  effects  and  down- 
wash  nonlinearities  are  neglected,  and  if  the  blade  section 
aerodynamics  are  assumed  to  be  linear,  this  normalized  control 
axis  flapping  angle  is  expected  to  be  linear  with  advance  ratio. 
The  forward  rotor  data,  shown  in  Figure  12,  show  a  somewhat 
nonlinear  variation  with  advance  ratio,  but  these  data  are 
generally  within  the  band  of  values  predicted  by  the  con¬ 
temporary  uniform-downwash  rigid-blade  rotor  theory.  These 
data  do  not  appear  to  show  any  effects  of  stall.  The  aft 
rotor  data.  Figure  13,  are  similar  to  the  forward  rotor  data 
with  the  exception  of  test  point  226.  These  test  data  show 
:  a  somewhat  larger  flapping  than  expected.  It  is  believed 

j  that  blade  stall  may  have  caused  an  increase  of  about  one 

|  degree  in  flapping  of  the  aft  rotor  for  this  test  point. 

Further  analysis  of  these  data,  not  illustrated  in  this  re¬ 
port,  shows  that  a  large  increase  m  the  eighth  harmonic 
blade  flap  hinge  motion  also  occurs  for  this  test  point. 

This  eighth  harmonic  hinge  motion  is  apparently  due  to  a 
significant  increase  in  the  third  mode  flapwise  bending  of 
the  stalling  rotor  blade. 
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CONTROL  AXIS  FLAPPING 


It  is  predicted  by  rotor  analysis  and  model  tests  that  signif¬ 
icant  amounts  of  blade  stall  will  cause  a  sizable  increase 
in  rotor  drag.  This  effect,  of  course,  causes  the  decrease 
of  the  lift-effective  drag  ratio  of  rotors  with  advance  ratio 
shown  in  Figure  1.  The  rotor  shaft  shear  data  measured  in 
this  program  show  the  rotor  and  hub  drag  ap  the  longitudinal 
component  of  the  first  harmonic  amplitude  of  shear.  These 
data  are  presented  in  Figure  14  and  show  that  test  points 
224,  225,  and  226  are  at  the  top  of  the  scatter.  This  trend 
may  be  due  to  stall  being  more  fully  developed  for  these  test 
points. 

Since  the  effects  of  what  appears  to  be  stall  can  be  seen  in 
the  rctor  drag  measurements,  it  is  not  surprising  that  a  simi¬ 
lar  effect  can  also  be  seen  in  the  rotor  power  data  of  Figure 
15.  Again  the  data  points  obtained  for  the  aft  rotor  at 
higher  thrust  coefficients  are  shown  to  be  at  the  top  of  the 
scatter  of  data.  These  data  indicate  that  the  power  increase 
from  this  amount  of  stalling  has  a  small  effect  on  performance, 
with  an  advance  ratio  penalty  of  about  0.04  (or  about  2  knots) 
required  to  h?*^e  a  specific  power  coefficient  of  0.12  with  and 
without  «tall. 

The  concept  of  drag  increase  and  lift  decrease  with  stalling 
leads  one  to  expect  that  blade  bending  data  would  also  reflect 
the  effects  of  blade  stall.  Figures  16  through  19  show  that 
this  situation  does  occur,  with  blade  bending  and  torsion  loads 
increasing  apparently  due  to  stall.  In  every  case  it  is  only 
the  aft  rotor  which  shows  effects  of  "stall"?  the  data  points 
with  the  highest  thrust  coefficient  show  the  divergence  of 
the  "stall"  effect,  and  the  extreme  point  is  test  point  226. 

The  alternating  flapwise  bending  (one-half  peak-to-peak)  data 
shown  in  figure  16  are  believed  to  increase  with  stall  due  to 
an  increased  excitation  of  the  third  mode  flapwise  bending. 
Eighth-harmonic  osc illations  arc  prevalent  in  the  blade  flap 
hinge  motions  and  in  the  blade  airloads  for  stalled  conditions 
due  to  this  effect,  it  is  noted  that  the  Figure  16  data  were 
measured  at  the  most  outboard  antinode  (85-percent  radius) 
and  would  be  most  sensitive  to  third-mode  blade  bending.  The 
midspan  chordwise  blade  bending  data  of  Figure  17  show  the 
expected  results  of  a  blade  dian  increase  due  to  stall.  An 
expected  finding  of  tue  alternating  blade  loads  data  is  the 
sensitivity  of  alternating  Dade  torsion  to  stall.  Figure  18. 
The  blade  pitcning  moments  wi'  i c ►  are  expected  from  stall  are 
also  apparent  in  the  alternating  pitch  link  loads,  Figure  19. 
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Figure  18,  Alternating  Blade  Torsion  at  13-Percent 

Radius  for  High-Speed,  Light-Gross-Weight 
Test  Points. 
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Figure  19.  Pitch  Link  Loads  at  High-Speed,  Light-Gross- 
Weight  Test  Points. 


The  azimuthal  waveforms  of  the  blade  torsion  measurements  and 
the  pitch  link  loads  are  shown  in  Figures  20  and  21.  The 
forward  rotor  data.  Figure  20,  show  no  evidence  of  stall  or 
other  unexpected  phenomena,  and  the  torsion  data  are  directly 
equivalent  to  the  pitch  link  loads.  Almost  identical  wave¬ 
forms  are  shown  for  the  two  thrust  coefficients  tested.  Aft 
rotor  loads  are  similar  to  the  forward  rotor  loads  at  the 
lower  thrust  coefficient,  showing  a  similar,  predominantly 
seccnd-harmor.ic  waveform.  Test  point  226,  obtained  at  the 
higher  thrust  coefficient,  shows  a  nose-down  moment  and  an 
equivalent  compression  load  in  the  pitch  link  at  about  50 
degrees  azimuth.  These  data  also  show  sixth-  and  eighth- 
harmonic  variations  on  the  retreating  side  of  the  rotor  disk. 

It  is  believed  that  the  higher  harmonic  oscillations  on  the 
retreating  side  are  due  to  stall;  the  load  spike  in  the  first 
azimuthal  quadrant  is  believed  to  be  due  to  compressibility 
effects. 

These  phenomena  may  be  coupled,  in  that  stall  loads  make  the 
blade  twist,  which  then  results  in  a  larger  angle  of  attack  on 
the  advancing  side.  With  a  larger  angle  of  attack,  compressi¬ 
bility  effects  would  be  greater.  It  is  significant  to  note  in 
the  data  of  Figure  21  that,  if  the  compressibility  spike  did 
not  occur,  the  oscillations  due  to  stall  would  have  reduced 
the  peak-to-peak  variations  of  the  blade  torsion  and  pitch 
link  loads.  The  blade  twisting  due  to  stalling  apparently 
causes  a  considerable  readjustment  in  the  rotor  blade  loading 
and  reduces  the  first-  and  second-harmonic  control  loads. 

This  situation  is  confused  by  the  evidence  of  compressibility 
effects,  which  may  also  be  influenced  by  the  blade  twisting 
due  to  stalling. 

The  pronounced  coupling  of  these  phenomena  is  illustrated  by 
the  azimuthal  waveform  of  the  airload  pitching  moments  for  test 
point  226.  These  data,  Figure  22,  show  that  for  the  unstalled 
forward  rotor,  the  pitching  moments  contain  an  eighth-harmonic 
ripple  but  are  essentially  constant  with  azimuth  (except  for 
some  intersting  inboard  data  variations) .  The  aft  rotor  data 
show  a  region  of  pronounced  nose-down  pitching  moments  due  to 
stalling  betwee  the  200-degree  and  350-degree  azimuth  posi¬ 
tions.  The  eighth-harmonic  variation  is  also  much  more  pro¬ 
nounced  on  the  aft  rotor.  There  does  not  appear  to  be  any 
evidence  of  the  compressibility  spike  in  the  airloads,  unless 
it  is  due  to  the  phase  coincidence  of  the  airload  moments 
which  occurs  at  this  azimuth.  Except  for  the  85-percent 
radius  data,  each  of  the  airload  moment  measurements  is 
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nose-down  when  the  nose-down  load  spike  occurs.  The  signif¬ 
icance  of  compressibility  is  more  obvious  in  the  airload 
coefficients  which  are  presented  later  m  this  report. 

In  summation,  the  rotor  loads  and  blade  motion  data  are 
believed  to  show  little  of  the  expected  evidence  of  "blade 
stall"  except  for  one  test  point.  The  high  rotor  loads  and 
increased  blade  motions  associated  with  "blade  stall"  that 
are  shown  appear  to  be  related  to  eighth-harmonic  variations 
produced  by  third-mode  flapwise  blade  bending.  Stall  and 
compressibility  appear  to  be  coupled  through  blade  twisting. 
Chordwise  blade  loads  also  reflect  the  effects  of  stall  and/ 
or  compressibility.  The  coupling  and  the  relatively  high 
frequency  of  these  phenomena  are  believed  to  be  the  prime 
contributors  to  the  prevalent  lack  of  understanding  of  the 
rotor  loads  caused  by  stall  and  compressibility. 


32 


b 


NOTE: 

FORWARD  ROTOR  BLADE  TORSION  DATA 
AT  STATION  140  ARE  NOT  AVAILABLE 
FOR  THESE  FLIGHTS  DUE  TO  AN 
INSTRUMENTATION  MALFUNCTION. 
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Figure  20.  Azimuthal  Variation  of  Blade  Torsion  and  Control 
Load  of  Forward  Rotor  for  Two  High-Speed,  Light- 
Gross-Weight  Test  Points. 
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EQUIVALENT  TORSION  -  IN. -LB 
(PITCH  LINK  LOAD  X  10.25  INCHES) 


AIRLOAD  PITCHING  MOMENT 


COEFFICIENTS  OF  ROTOR  AIRLOADS  NEAR  HDL  BOUNDARY 


The  analysis  of  airloads  data  is  considerably  simplified  when 
the  airloads  data  are  reduced  to  coefficient  form,  since  the 
concepts  of  airfoil  section  aerodynamics  can  then  be  applied  to 
aid  in  understanding  the  results.  In  coefficient  form  the 
airloads  data  generally  show  good  comparison,  among  radii 
and  among  considerably  different  flight  conditions.  Typical 
examples  of  the  azimuthal  variations  of  the  normal  force  and 
pitching  moment  coefficients  are  presented  in  this  section. 
These  data  generally  show  consistency  and  repeatability. 

There  is  some  uncertainty  as  to  the  assumptions  which  should  be 
made  to  determine  the  velocity  for  calculating  the  airload 
coefficients.  Later  in  this  report  it  will  be  shown  that 
neglecting  the  out-of-plane  component  of  the  rotor  blade 
section  velocities  produces  relatively  large  coefficients. 

This  assumption  is  probably  too  great  a  simplification.  It  is 
believed  that  use  of  the  uniform-downwash  rigid-blade  analysis 
is  adequate  to  calculate  the  local  resultant  velocities.  The 
inflow  component  of  the  local  velocities  can  be  calculated  once 
the  theoretical  trim  is  calculated.  However,  for  this  project 
it  was  desired  to  have  the  nonun if orm-downwash  rigid-blade 
angle-of-attack  values  available,  so  this  rather  complicated 
theory  was  also  used  to  calculate  the  local  resultant 
velocities.  The  use  of  this  sophisticated  analysis  for  the 
velocities  is  believed  to  give  more  confidence  in  the  airload 
coefficients  determined  near  the  reversed-flow  region,  but  it 
probably  does  not  have  much  influence  on  the  data  for  the 
remainder  of  the  disk.  Since  the  data  for  blade  sections  near 
the  reversed-flow  region  lack  credulity  due  to  the  very  large 
maximum  normal  force  coefficients  obtained,  the  use  of  the 
nonuniform-downwash  theory  for  this  exploratory  study  was 
probably  warranted. 

It  should  also  be  noted  that,  in  preparing  coefficients  from 
the  rotor  blade  airload  pressure  data,  the  normal  force 
coefficient  is  obtained  -  not  the  lift  coefficient.  For  air¬ 
foils  at  angles  of  attack  of  about  12  degrees  or  less  (such  as 
shown  in  Figure  2) ,  the  difference  between  the  coefficients  of 
normal  force  and  lift  is  negligible.  At  angles  of  attack  which 
cause  pronounced  stalling,  the  drag  component  becomes  signifi¬ 
cant;  however,  if  the  angle  of  attack  were  known,  the  normal 
force  coefficient  could  be  related  to  the  lift  and  drag  as 
follows: 
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*  C.cosa  +  C.sina  .  (1) 

n  i  a 

The  chordwise  airload  coefficient  is  usually  small,  so  that  the 
normal  force  coefficient  is  nearly  the  resultant  of  C*  and  Cg. 
This  minor  limitation  to  the  use  of  the  airloads  data  is 
proba&ly  of  little  consequence  except  in  the  reversed-fiow 
region,  which  has  large,  inadequately  defined  angles  of  attack. 
For  the  present  study  of  blade  stall,  the  differences  between 
Cn  and  Ct  could  be  neglected;  however,  to  avoid  later  confusion, 
the  notation  "normal  force  coefficient"  is  used  in  this  report. 

NORMAL  FORCE  COEFFICIENTS 

The  normal  force  coefficients  measured  at  the  stations  on  the 
outboard  quarter  of  the  blades  show  very  little  that  was  not 
expected.  Typical  azimuthal  variations  of  the  normal  force 
coefficients  for  the  forward  and  aft  rotors  at  the  85-percent 
radius  are  shown  in  Figure  23.  These  data  show  a  small  bump 
at  30  degrees  azimuth,  apparently  due  to  proximity  of  the  tip 
vortex  from  the  preceding  blade  of  the  same  rotor.  Both  rotors 
have  a  CNp  value  on  the  advancing  blade  of  about  0.1,  which  is 
a  desirable  maximum  value  for  minimum  compressibility  problems. 
Both  rotors  reach  a  maximum  Cjjp  value  at  about  260  degrees 
azimuth  with  no  significant  discontinuity.  There  is  a  discon- 
tinuity  in  the  forward  rotor  data  at  290  degrees  azimuth  which 
is  somewhat  more  typical  of  the  larger  CNP  values  than  are 
the  aft  rotor  data.  This  discontinuity  is  not  stall  since,  as 
will  be  noted  later,  there  is  no  appropriate  variation  in  the 
blade  section  pitching  moments. 

The  normal  force  coefficient  data  are  more  repeatable  than 
was  expected.  This  repeatability  is  illustrated  in  Figure  24, 
which  shows  the  comparison  of  a  repeated  test  point  which  was 
obtained  in  two  different  test  flights.  The  maximum  discrep¬ 
ancy  between  these  two  sets  of  data  is  about  0.04  except 
near  the  maximum  CNP  value.  Rotor  blade  sections  are  apparently 
sensitive  to  small  variations  in  conditions  at  high  incidence 
which  produce  larger  variations  in  the  region  of  large  Cup. 
However,  even  in  this  region  the  discrepancy  between  these 
data  is  only  0.10.  This  repeatability  is  considered  excellent 
for  this  type  of  data. 

Figure  25  was  prepared  to  show  the  effect  of  a  thrust  coeffi¬ 
cient  variation  on  the  normal  force  coefficient  data  obtained 
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AZIMUTH  -  DEGREES 

Figure  23.  Typical  Normal  Force  Coefficient.  Data  for  a  Test 
Point  Near  the  HDL  Boundary. 
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Figure  25.  Effect  of  Thrust  Coefficient  on  Normal  Force 
Coefficients  Measured  at  95-Percent  Radius 
with  an  Advance  Ratio  Near  0.31. 


at  a  constant  advance  ratio.  These  data  appear  to  show  an 
azimuthal  average  Cjjp  value  which  varies  directly  with  the 
thrust  coefficient;  however,  the  higher  gross  weight,  low- 
altitude  data  have  a  larger  first-harmonic  variation.  This 
larger  azimuthal  variation  at  the  higher  gross  weight  results 
in  a  larger  maximum  value  of  Cgp.  It  can  also  be  noted  in 
this  figure  that  the  test  data  at  the  higher  gross  weight  have 
fewer  irregularities  in  the  C^p  waveform  throughout  the  azimuth 
but  especially  near  the  maximum  value  of  Cnp.  This  relatively 
more  uniform  variation  may  be  a  reflection  of  the  lack  of  stall 
of  this  test  point  as  compared  to  test  point  ?26,  which  will 
be  shown  later  to  be  stalled.  However,  the  general  trend  of 
more  consistent  Cnp  data  and  larger  values  of  (CgplMAX  with 
increased  gross  weight  is  characteristic  of  the  airloads 
coefficient  data.  This  trend  is  of  much  greater  significance 
in  the  data  obtained  at  the  inboard  stations  of  the  aft  blade. 

The  only  variation  in  the  normal  force  data  which  can  be 
attributed  to  stall  with  any  certainty  is  also  shown  in 
Figure  25.  It  will  be  shown  later  that  the  airload  pitching 
moments  clearly  indicate  stall,  and  from  this  evidence  the 
aft  rotor  stalled  at  the  95-percent  radius  when  the  azimuth 
angle  reached  about  250  degrees  for  test  point  226.  Figure 
25  shows  a  slight  drop  in  the  azimuthal  variation  of  Cjjp  at 
this  azimuth  which  is  apparently  the  effect  of  stall.  The 
data  also  show  many  other  considerably  larger  bumps  which 
cannot  be  explained,  so  this  apparent  relation  could  be  coin¬ 
cidence.  It  appears  to  be  rather  certain  that  if  stall  has 
an  influence  on  the  normal  force  coefficient  data,  this 
effect  is  small. 

In  studying  blade  stall,  the  distribution  of  the  normal  force 
coefficients  with  radius  is  believed  to  be  important,  since 
blade  3tall  is  probably  not  a  two-dimensional  phenomenon. 

Radial  distributions  of  normal  force  coefficient  at  270  degrees 
azimuth  for  three  typical  high-speed  test  points  are  shown  in 
Figure  26.  These  data  show  a  fairly  consistent  radial  distri¬ 
bution  for  the  forward  rotor.  The  normal  force  coefficients 
generally  increase  with  decreased  blade  radius  until  a  peak 
at  the  40-percent  radius  is  reached.  At  40-percent  radius 
the  Cjjp  values  are  considerably  larger  than  expected,  probably 
due  to  the  poor  definition  of  the  reversed-flow  region.  It 
appears  from  this  and  from  other  airload  coefficient  data  that 
the  reversed-flow  region  is  apparently  about  0.2  of  the  radius 
larger  than  the  expected  r/R=-y'  sinij<  circle.  The  use  of  data 
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Figura  26.  Radial  Distribution  of  Normal  Force  Coefficient  at 
270  Degrees  Azimuth  for  Three  Test  Conditions. 


obtained  on  the  retreating  blade  inboard  of  the  100(0.2  +  y')~ 
percent  radius  should  be  made  with  considerable  caution.  It 
is  believed  that  the  airload  measurements  probably  have  large 
scatter  due  to  the  small  loads  in  the  reversed-flow  region,  and 
this  effect  is  probably  compounded  by  the  uncertain  definition 
of  the  velocities  in  this  region. 

Figure  26  also  shows  a  rather  significant  increase  in  the  nor¬ 
mal  force  coefficient  at  the  inboard  stations  of  the  aft  rotor 
at  higher  gross  weight.  This  increase  presently  cannot  be 
explained.  A  variation  like  that  shown  for  the  forward  rotor 
was  expected. 

It  was  anticipated  that  the  occurrence  of  blade  stall  would  be 
related  to  the  maximum  value  of  the  normal  force  coefficient 
which  was  obtained.  These  values  of  (Cgp)MAX  and  the  azimuth 
angles  at  which  (Cgp)MAX  occurred  vary  with  blade  radius  and 
are  considerably  different  for  the  forward  and  aft  rotors. 
Typical  values  of  these  data  are  shown  in  Figures  27  and  28. 
Again  the  higher  gross  weight,  lower -altitude  test  points 
produced  the  expected  high  values  on  the  forward  rotor  and 
higher-than-expected  values  on  the  aft  rotor.  The  azimuth 
angles  at  which  (Cup) MAX  occurs  are  distributed  as  expected 
for  the  forward  rotor,  with  the  midradius  of  the  blade  reaching 
(Cup) MAX  earlier  than  the  outboard  stations.  The  aft  rotor 
data  show  considerable  disparities  between  the  values  of  for 
(CjjpjMAX.  Test  points  220,  225,  and  226  are  shown  to  reach 
(Cjjp)MAX  much  earlier  at  the  inboard  stations.  It  appears 
that  this  is  related  to  stalling  of  the  inboard  portions  of 
the  aft  blades  for  these  test  points. 

Unfortunately  the  relation  between  (Cup) MAX  and  stalling  is  not 
simple  and  well  defined,  as  will  be  shown  in  the  next  section 
of  this  report.  The  situation  is  affected  at  least  by  blade 
section  sweep  angle  and  local  Mach  number.  The  increased  rate 
of  onset  of  angle  of  attack  which  is  produced  by  increased 
gross  weight  appears,  from  the  CNp  data,  to  be  beneficial  in 
reducing  stall  effects.  Generally  for  the  outboard  stations 
there  is  almost  no  evidence  of  stall  in  the  Cjjp  data.  The 
midradius  of  the  aft  blade  reaches  (Cup) MAX  much  earlier  in 
the  azimuth  than  expected,  which  may  be  evidence  of  stall. 

PITCHING  MOMENT  COEFFICIENTS 

The  calculation  of  the  airload  pitching  moments  by  integrating 
the  first  moment  of  the  airload  pressure  distribution  provides 
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Figure  28.  Typical  Maximum  Normal  Force  Coefficient  Data 

for  the  Aft  Rotor  at  an  Advance  Ratio  Near  0.31. 


a  very  sensitive  indication  of  the  aerodynamic  moment  response. 
These  data  are  acknowledged  to  be  less  consistent  and  less 
repeatable  than  is  desired;  however,  the  relatively  small 
spurious  variations  appear  to  occur  as  a  steady  moment  varia¬ 
tion.  This  steady  moment  variation  was  not  unexpected,  due  to 
the  tendency  of  the  airload  instrumentation  to  have  small 
drifts.  In  airload  coefficient  form,  a  steady  pitching  moment 
causes  a  first-harmonic  variation  due  to  the  predominantly 
first-harmonic  variation  in  the  local  velocity.  The  moment 
coefficient  data  reflect  this  first-harmonic  variation  as  an 
aerodynamic  center  offset.  As  will  be  shown,  the  airloads 
data  generally  indicate  that  the  aerodynamic  center  is  forward 
of  the  quarter-chord.  A  statistical  evaluation  of  all  the 
data  would  be  required  before  a  quantitative  measure  of  tne 
aerodynamic  center  position  could  be  established  with  confi¬ 
dence  . 

Typical  variations  of  the  airload  pitching  moments  at  95- 
percent  radius  for  4  test  points  at  an  advance  ratio  near  0.31 
are  shown  in  Figure  29.  A  rather  gentle  first-harmonic  varia¬ 
tion  is  typical,  reflecting  the  rather  sizable  first-harmonic 
angle-of-attack  and  Mach  number  variation  experienced.  The 
most  significant  variation  shown  in  these  data  is  the  moment 
break  due  to  stall,  which  is  shown  for  test  point  226  at  260 
degrees  azimuth  in  the  aft  rotor  data.  This  moment  coeffi¬ 
cient  variation  is  not  large  as  compared  with  severely  stalled 
blade  sections  and  as  compared  to  the  effects  of  blade  sweep 
and  reversed  flow.  The  identification  of  this  variation  as 
stall  is  based  on  the  Cjjp-Cjjp  relationship  presented  in  the 
next  section  of  this  report. 

An  compared  to  the  relatively  well-behaved  outboard  data,  the 
inboard  pitching  moment  coefficients  vary  greatly,  as  illus¬ 
trated  in  Figure  30.  The  40-  and  55-percent  radius  data, 
which  are  usually  highly  suspect  due  to  the  uncertainties  of 
the  reversed-flow  region,  show  large  variations  tut  generally 
behave  as  expected.  It  is  rather  surprising  that  the  inboard 
CMP  data  for  the  aft  rotor  are  more  consistent  and  show  fewer 
reversed-flow  effects  than  the  forward  rotor  data,  since  the 
opposite  situation  was  shown  in  the  normal  force  data.  This 
situation  is  typical  of  the  tandem  rotor  airloads  data  and  is 
believed  to  be  due  to  an  induced  upwash  at  the  forward  rotor 
which  is  produced  by  the  aft  rotor. 
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It  should  i  '  noted  that  the  data  for  the  75-percent  radius  of 
the  forward  rotor  shown  in  Figure  30  seem  to  be  inverted.  This 
inversion  o'  the  first-harmonic  variation  of  Cjjp  with  azimuth 
is  evidence  either  of  an  aerodynamic  center  position  which  is 
forward  of  tr.e  quarter-chord  or  of  a  steady  moment  shift  in 
the  data.  The  test  data  shown  in  Figure  31  substantiate  the 
test  data  of  Figure  30,  since  a  similar  moment  coefficient 
variation  is  shown  at  the  85-percent  radius  of  the  forward 
rotor  for  two  other  flights.  This  variation  seems  to  indicate 
that  there  is  a  shift  of  the  effective  aerodynamic  center  which 
is  due  to  the  dynamic- aerodynamic  environment.  The  lack  of  a 
similar  shift  on  the  aft  rotor  cannot  be  explained. 

The  data  of  Figure  31,  which  are  plotted  to  an  expanded  moment 
scale,  show  typical  azimuthal  variations  in  the  pitch  moment 
coefficient.  These  data  show  a  fairly  pronounced  C^p  ripple  of 
the  forward  rotor  data  and  a  pronounced  Cjjp  break  of  the  aft 
rotor  data  for  test  point  46  which  are  due  to  stall.  Test 
point  36  data  do  not  show  these  variations  and,  as  will  be 
noted  in  the  next  section,  this  point  does  not  show  any  effects 
of  stall.  Figure  31  also  shows  that  test  point  46,  which  was 
obtained  at  a  significantly  lower  speed  than  test  point  35, 
was  influenced  to  a  much  greater  extent  by  the  downwash  non¬ 
uniformities.  There  is  in  particular  a  pronounced  bump  in 
the  Cjnp  curve  for  test  point  46  at  about  80  degrees  azimuth. 
This  bump  is  probably  due  to  tip  vortex  interference. 

It  is  believed  that  the  airload  coefficient  data  are  shown  to 
be  reasonably  consistent  and  repeatable.  The  normal  force 
coefficient  data  show  the  expected  azimuthal  variations 
except  for  the  inboard  stations  of  the  aft  rotor?  these 
stations  show  significantly  different  maximum  normal  force 
coefficients  depending  on  the  gross  weight  of  the  helicopter. 
Blade  stall  does  not  appear  to  influence  the  normal  force 
coefficient  data  significantly  but  is  quite  pronounced  in  the 
pitching  moment  data. 
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INDICATIONS  OF  NEGATIVE  AERODYNAMIC  DAMPING 


Rotor  blade  stability  theory  indicates  that  the  most  serious 
consequence  of  stalling  is  the  negative  pitch  moment  damping 
which  is  produced.  While  there  is  a  rather  large  change  in 
pitching  moment  due  to  stall,  the  reduction  of  the  blade 
torsional  stability  is  apparently  the  more  significant  effect. 
Without  the  phase  shift  resulting  from  the  change  in  pitch 
moment  damping,  the  pitching  moment  due  to  stall  usually  does 
not  result  in  excessive  loads.  It  was  therefore  decided  to  use 
the  occurrence  of  negative  aerodynamic  deunping  at  large  values 
of  Cup  as  the  criterion  for  stall.  This  criterion  prevented 
the  misidentification  of  pitching  moment  variations  due  to  tip 
vortex  proximity  bumps,  etc.,  as  stall.  It  also  showed 
unexpectedly  that  advancing  blade  compressibility  effects  can 
also  produce  an  aerodynamic  negative  pitch  moment  deunping. 

This  approach  is  believed  to  be  a  key  to  the  analysis  of  rotor 
blade  airloads  data. 

The  means  of  identification  of  negative  aerodynamic  damping  in 
the  airloads  data  is  not  obvious  and  warrants  some  discussion. 
While  the  availe&le  pitch  moment  data.,  such  as  shown  in  Figure 
31,  indicate  rather  large  oscillations  and  a  moment  break 
apparently  due  to  stall,  this  evidence  is  not  conclusive.  The 
plot  of  Cjjp  versus  Cjjp  such  as  shown  in  Figure  4  does  show 
positive  indication  of  the  aerodynamic  damping  for  typical 
rotor  operating  conditions.  This  indication  is  based  on  the 
relatively  small  time  dependence  of  the  normal  force  coefficient 
at  the  frequencies  considered  for  the  rotor.  The  normal  force 
coefficient  is  therefore  almost  equal  to  the  angle  of  attack. 

The  differences  between  C^p  and  the  local  instantaneous  angle 
of  attack  are  largest  through  stall  when  this  relation  is  of 
greatest  interest;  however,  this  limitation  is  not  significant, 
since  only  an  indication  of  negative  damping  is  desired,  not 
detailed  quantitative  values.  For  detailed  analyses  of  stall, 
these  effects  should  be  considered.  For  the  present  qualita¬ 
tive  review,  the  use  of  the  Cj^p-Cjjp  relationship  gives  a  good 
barometer  of  aerodynamic  damping.  This  damping  indication 
gives  a  good  criterion  for  stall  and  compressibility  effects. 

When  there  are  no  stall,  compressibility,  or  local  sweep  effects 
of  consequence,  the  Cjjp-Cjjp  relation  is  similar  to  that  shown  in 
Figure  32.  The  generally  elliptical  figure  is  typical  and 
indicates  that  the  first-harmonic  damping  is  predominant.  Two 
irregularities  which  are  apparently  due  to  tip  vortex  proximity 
are  shown  at  the  15  and  60  degrees  azimuth  positions.  The 
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elliptical  shape  is  inclined,  indicating  that  the  mean  aero¬ 
dynamic  center  is  apparently  not  at  the  25-percent  chord,  but 
appears  to  be  at  the  21-percent  chord.  This  more- forward- than- 
expected  aerodynamic  center  is  also  typical  of  the  airloads 
data,  but  the  magnitude  varies  somewhat,  apparently  due  to 
small  average  airload  pressure  instrumentation  errors.  It  is 
believed  that  the  mean  aerodynamic  center  data  will  be  valid 
for  an  average  of  the  many  data  points  available  and  are  worthy 
of  additional  analysis. 


The  direction  of  the  manner  in  which  the  data  progression 
circumscribes  the  elliptical  shape  of  Figure  32  is  indicative 
of  positive  aerodynamic  damping.  This  can  be  shown  from  the 
equation  of  motion  of  the  blade-torsion/blade-rotation  aerody¬ 
namic  system  considered,  which  can  be  simplified  for  this 
discussion  to  the  following: 


^dCni/d  aj  a  +  JdCm/d&J  (x  +  ^smaller  unknown  terms  J  (ot& ,H  ,etc. ) 

*  ^inertia  terms,  structural  spring  terms,  structural  dampingj 

(0,0,8),  j2j 


where  it  should  be  noted  that  the  blade  incidence, 6,  is  not 
necessarily  linearly  related  to  the  angle  of  attack, a.  With 
the  usual  definitions  for  the  aerodynamic  coefficients,  the 
spring  term,  dCm/da,  is  generally  positive;  for  positive 
damping,  dCu/da  is  negative.  Thus,  as  a  increases,  damping 
reduces  the  value  of  Cm,  so  that  for  positive  damping  an  ellipse 
is  circumscribed  with  the  data  progressing  around  the  ellipse 
in  a  counterclockwise  manner.  Figure  32  shows  a  similar  data 
progression,  indicating  that  as  expected  the  aerodynamic 
damping  was  positive  for  this  case,  which  had  no  significant 
stall,  compressibility,  or  local  sweep  effects. 


It  should  be  noted  that  rather  significant  changes  in  the 
assumptions  of  the  moment  reference  axis  and  the  velocities 
used  to  form  the  airload  coefficients  can  be  made  without 
influencing  the  indications  of  damping.  For  this  report, all 
data  are  shown  with  the  pitching  moment  calculated  with  respect 
to  the  quarter- chord;  however,  many  data  points  were  also 
calculated  with  respect  to  the  blade  pitch  axis  (0.20c).  This 
change  causes  the  inclination  of  the  Cjj-Cm  ellipse  without 
changing  the  shape  of  the  figure.  The  use  of  the  tangential 
component  of  the  velocity,  rather  than  the  local  resultant 
velocities  based  on  nonuniform  downwash,  is  illustrated  for 


some  nonstalled  forward  rotor  data  in  Figure  33.  It  can  be 
seen  that  the  elliptical  figure  is  stretched  considerably  by 
neglecting  part  of  the  velocity.  A  considerably  increased 
(C^p)MAX  value  of  1.26,  rather  than  0.86,  was  obtained. 
Generally,  however,  the  shape  of  the  curve  is  not  particularly 
distorted  by  the  change  in  the  velocity  assumption.  There  can 
be  seen  a  higher  harmonic  positive  damping  loop  on  the  first- 
harmonic  variation  between  210  and  250  degrees  azimuth,  and 
there  are  vortex  proximity  spikes  near  the  0-  and  90-degree 
azimuth  positions.  These  vortex  proximity  effects  occur  later 
in  the  azimuth  than  is  shown  in  Figure  32,  since  the  data  for 
Figure  33  were  obtained  at  75-percent  radius  rather  than  95- 
percent  radius.  It  is  concluded  that,  if  an  indication  of 
damping  is  desired  without  an  evaluation  of  the  magnitude  of 
the  coefficients,  the  inflow  components  of  the  velocity  can 
probably  be  neglected;  however,  values  of  the  coefficients  such 
as  (Cup) MAX  will  be  significantly  in  error. 

STALL  EFFECTS 

The  aerodynamic  evidence  of  stall  is  clearly  shown  in  the 
CMP_CNP  relation  as  illustrated  in  Figures  34  and  35.  Figure 
34  is  typical  of  stall  at  the  lower  Mach  numbers  tested  and 
shows  a  sharp  break  in  the  Cmp~cnp  relation  at  the  maximum 
normal  force  coefficient  value.  Following  the  moment  break, 
an  area  is  circumscribed  in  a  clockwise  manner  indicative  of 
negative  aerodynamic  damping.  There  are  two  smaller  loops  on 
the  main  loop,  both  of  which  are  also  traversed  in  a  clockwise 
manner.  The  return  to  a  nonstalled  Cmp-Cnp  relationship  does 
not  occur  until  after  the  0-degree  azimuth  position  is  reached. 
The  region  of  positive  damping,  from  15  degrees  to  about  180 
degrees,  is  normal  except  for  the  negative  damping  indication 
on  the  advancing  blade,  which  is  discussed  below. 

Blade  stall  at  higher  Mach  numbers  is  characterized  by  an 
earlier  divergence  from  the  normal  Cj^p-Cup  relation  and  by  a 
delayed  recovery  from  stall.  A  typical  test  point  showing 
this  effect  is  illustrated  in  Figure  35.  The  azimuth  from  75 
to  165  degrees  shows  a  fairly  normax  positive  damping 
reflected  in  the  somewhat  elliptical  variation.  At  a  normal 
force  coefficient  of  only  0.3, the  pitching  moment  coefficient 
starts  to  diverge.  The  slope  of  the  C^p-C^  relationship 
remains  statically  stable  (dCnp/dCNp  is  negative)  until  just 
before  270  degrees  is  reached.  A  fairly  well-defined  region 
of  negative  damping  occurs  near  this  azimuth, but  this  negative 
damping  is  more  than  balanced  by  the  large  region  of  positive 
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damping  which  is  generated  prior  to  the  delayed  stall  recovery. 

The  indications  of  blade  stall  at  the  inboard  blade  stations 
which  experience  significant  blade  sweep  angle  variations 
are  also  shown  in  the  Ci^-C^p  plots.  A  curve  similar  to 
Figure  34  is  obtained  for  these  stations  with  a  moment  break, 
and  a  negative  damping  loop  is  obtained,  but  the  effects  of 
sweep  are  also  imposed.  The  effects  of  sweep  will  be  discussed 
separately. 

It  was  expected  that  blade  stall  would  increase  when  both  the 
maximum  value  of  CNp  and  the  local  Mach  number  increased. 
Summary  plots  of  these  parameters  for  three  of  the  instrumented 
blade  stations  are  presented  as  Figures  36,  37,  and  38.  The 
test  points  which  show  blade  stall  in  the  Cj^p-Cjjp  relation  are 
indicated  in  these  figures  by  filled  symbols.  The  data  are 
shown  to  have  considerable  scatter,  indicating  that  the 
problem  of  predicting  blade  stall  is  more  complicated  than  a 
simple  (CNp)MAX-Mach  number  relationship.  Very  large  values 
of  (Cnp^MAX  are  achieved  at  55-percent  radius  without  stall, 
apparently  due  to  the  effects  of  sweep.  This  sweep  benefit  is 
also  apparently  uncertain,  with  some  stalled  points  occurring 
at  moderate  values  of  (CNP)MAX.  It  is  believed  that  the  rates 
of  change  of  both  angle  of  attack  and  sweep  are  also  signifi¬ 
cant  parameters  of  the  blade  stall  prediction  problem. 
Considerably  more  analysis  is  apparently  required  to  resolve  a 
consistent  criterion  for  stall. 

Within  the  large,  presently  unexplained  variations  of  the 
rather  limited  stall  data,  there  appears  to  be  a  significant 
influence  of  the  local  retreating  blade  Mach  number.  The 
bottom  of  the  scatter  of  these  blade  stall  data  points  from 
Figures  37  and  38  are  plotted  in  Figure  39  and  apparently  show 
this  effect.  A  (CNp) MAX-Mach  number  relation  for  stall  is 
shown  that  is  differer  for  the  two  rotors,  but  both  rotors 
show  a  variation  similar  to  the  Cj,  -Mach  number  relationship 
for  pitch  moment  divergence  of  a  static  two-dimensional  air¬ 
foil.  The  static  airfoil  data  are  from  Figure  3  and  were 
discussed  previously.  The  data  of  Figure  39  are  believed 
to  be  a  reasonable  first-order  estimate  of  the  effect  of  Mach 
number  on  blade  stall.  It  appears  from  these  data  that  rotor 
blade  stall  is  influenced  more  significantly  by  Mach  number 
than  is  indicated  by  airfoil  section  wind  tunnel  data.  The 
aft  rotor  data  also  show  stalling  at  lower  values  of  (C^pjMAX 
than  the  forward  rotor  data  at  Mach  numbers  below  0.5.  This 
greater  sensitivity  of  the  aft  rotor  to  stalling  is  believed 
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Figure  36.  Retreating  Blade  Section  Operating  Conditions  at 
55-Percent  Radius. 
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Figure  37.  Maximum  Normal  Force  Coefficients  Measured  at 
75-Percent  Radius  Showing  Points  with  Negative 
Damping  Due  to  Stall. 
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Figure  38.  Maximum  Normal  Force  Coefficients  Measured  at 
95-Percent  Radius  Showing  Points  with  Negative 
Damping  Due  to  Stall. 
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to  be  due  to  the  larger  radial  gradient  of  the  azimuthal 
average  loading  on  the  aft  rotor  shown  in  Figure  9.  It  should 
be  noted  that  the  radial  gradient  of  the  aft  rotor  blade 
loading  is  similar  to  the  usual  loading  gradient  of  a  single 
rotor. 

ADVANCING  BLADE  COMPRESSIBILITY  EFFECTS 


There  is  definite  evidence  of  negative  aerodynamic  damping  on 
the  advancing  blade  near  the  90-degree  azimuth  position,  such 
as  that  shown  in  Figure  34  for  many  data  points.  The  data  of 
this  figure  are  not  actually  typical  of  this  phenomenon,  since 
the  local  advancing  Mach  number  is  only  about  0.70.  For  this 
case,  the  compressibility  effect  is  made  significant  by  the 
relatively  large  Cjjp  values  obtained  on  the  advancing  blade 
at  the  75-percent  radius.  A  more  typical  situation  is 
illustrated  in  Figure  35,  with  an  advancing  blade  Mach  number 
of  0.83  but  with  no  negative  damping  shown  due  to  the  much 
lower  values  of  CNP  which  occurred.  An  advancing  blade  section 
Mach  number  of  about  0.85  generally  produced  negative  damping 
at  small  values  of  CNP  and  would  be  considered  a  critical  Mach 
number  for  the  0011-1.43  airfoil  section  of  the  CH-47A  rotor. 
Substantiation  that  this  phenomenon  is  a  compressibility  effect 
can  be  obtained  from  the  chordwise  pressure  distributions, 
which  show  a  typical  transonic  pressure  variation  for  points 
with  a  negative  damping  loop  on  the  advancing  blade. 

These  effects  of  compressibility  can  be  significant  in 
producing  excessive  blade  loads,  as  shown  in  Figure  21,  and 
should  therefore  be  studied  further.  At  least,  the  CNp  and 
Mach  number  relation  required  for  negative  damping  on  the 
advancing  blade  should  be  defined.  Such  a  study  was  believed 
to  be  beyond  the  scope  of  this  program. 

RADIAL  FLOW  (LOCAL  SECTION  SWEEP  ANGLE)  EFFECTS 

The  radial  component  of  the  helicopter’s  forward  flight 
velocity  produces  a  local  sweep  angle  at  the  blade  section 
which  is  significant.  As  shown  in  Figure  40,  the  sweep  angle 
varies  in  a  predominantly  first-harmonic  manner  with  an 
amplitude  of  30  degrees  at  the  75-percent  radius  for  the 
relatively  high  advance  ratio  ( y ’ =0 . 37 )  illustrated.  For  a 
given  flight  condition, this  sweep  angle  is  larger  inboard 
and  smaller  outboard  due  to  the  variation  in  the  relative 
magnitude  of  the  radial  section  velocities  and  the  fixed 
velocity  of  forward  flight.  Variations  in  sweep  angle  dominate 
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LOCAL  SWEEP  ANGLE,  A  -  DEGREES 


Figure  40.  Stall  Relief  and  Reduced  Pitch  Moment  Stability 
Due  to  Radial  Flow  at  75-Percent  Radius  for  the 
Highest  Speed  Test  Point. 
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the  blade  stall  of  the  55-percent  radius  data  which  were 
mentioned  previously.  At  75-percent  radius  and  outboard,  there 
is  generally  little  or  no  effect  of  sweep,  since  the  advance 
ratio  is  usually  low.  The  data  for  Figure  40  were  obtained  at 
a  relatively  high  advance  ratio,  and  the  Cmp_cnp  variation 
illustrated  shows  significant  effects  of  sweep.  First, there 
appears  to  be  a  delay  of  stall  due  to  sweep.  A  (CNP)MAX  of 
1.24  is  shown  in  Figure  40  for  aft  rotor  data,  which  would  be 
expected  from  the  data  of  Figure  37  to  be  a  fairly  positive 
indication  of  stall.  The  data  of  Figure  40  do  not  show  the 
slightest  trace  of  stall.  However,  Figure  40  also  illustrates 
that  sweep  effects  cause  a  static  instability  in  the  pitching 
moment  with  a  negative  value  of  dCj^p/dCjjp  shown  for  two  portions 
of  the  azimuth.  Th**  connection  between  this  negative  slope 
and  the  sweep  angle  is  shown  at  the  220-  and  320-degree  azimuth 
positions.  The  sweep  angle  reverses  slope  at  these  two 
azimuth  angles,  and  this  change  in  slope  of  the  sweep  variation 
is  nearly  coincident  with  the  change  in  the  slope  of  the 
cMP-cnp  variati°n*  It  appears  froir  these  data  that  a 
decreasing  rate  of  change  of  the  sweep  angle  with  azimuth  is 
the  mechanism  which  causes  the  pitch  moment  instability. 

To  sum  up  this  section,  the  data  presented  are  believed  to 
show  that  the  problems  which  cause  high  rotor  blade  loads  at 
high  speed  can  be  isolated,  but  there  is  much  work  to  be  done 
before  the  problems  due  to  stall,  compressibility,  and  sweep 
are  resolved.  The  theoretical  prediction  of  these  effects  is 
discussed  in  the  following  section,  and  an  approach  to  the 
further  analysis  of  these  data  is  presented. 
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THEORETICAL  PREDICTIONS 


The  state  of  the  art  of  rotor  analysis  has  not  received  the 
proper  stimulus  from  the  rotor  airloads  data  which  have  been 
available  since  1962  (reference  2 ) .  These  rotor  airloads  data 
show  significant  unexplained  phenomena,  and  therefore  the  rotor 
analyses  were  more  easily  understood  and  believed.  As  dis¬ 
cussed  in  Volume  IV  of  this  report,  there  is  now  available  a 
large  body  of  airloads  data  which  are  in  reasonable  accord. 

It  behooves  the  rotorcraft  industry  to  utilize  these  data. 

Since  present  analyses  use  empirical  tables  for  airfoil 
performance  characteristics,  the  synthesis  of  airfoil  charac¬ 
teristics  from  the  rotor  airloads  data  is  recommended.  It  is 
hoped  that  some  guidance  in  this  synthesis  cam  be  obtained 
from  the  correlations  of  theoretical  predictions  of  damping, 
stall,  and  nonuniform-downwash  angle  of  attack  presented  in 
this  section. 

AERODYNAMIC  MOMENT  DAMPING  PREDICTION 

The  existence  of  aerodynamic  damping  of  the  f irst-harmonic 
pitching  moment  variation  illustrated  by  the  airloads  data 
would  generally  not  be  predicted  by  rotor  aerodynamicists , 
since  the  wake  coupling  effects  would  be  neglected.  In 
hovering,  the  effects  of  wake  coupling  on  the  aerodynamic 
damping  were  evaluated  by  Loewy  in  1957  (reference  9) .  This 
analysis  showed  that  when  the  wake  spacing  was  small, the 
aerodynamic  damping  was  very  different  from  the  damping  which 
would  be  calculated  if  wake  coupling  effects  were  neglected. 
While  this  analysis  has  not  been  extended  to  the  forward  flight 
case,  the  results  would  be  expected  to  be  similar.  The 
inclination  of  the  downwash  in  forward  flight  tends  to  keep 
the  wake  near  the  rotor  for  a  few  wake  revolutions.  This 
results  in  a  wake  coupling  situation  which  is  similar  to 
hovering  but  which  is  complicated  by  the  helical  wake.  The 
nonuniform-downwash  analyses  of  references  12  and  17  can 
probably  be  modified  to  calculate  the  effects  of  forward  flight 
on  pitch  moment  damping  following  the  hovering  analysis.  For 
the  present  discussion,  it  is  believed  that  the  hovering 
analysis  can  be  used  as  a  guide.  For  small  spacing  (h) ,  for 
a  first-harmonic  variation  (m=l),  and  with  a  small  reduced 
frequency',  the  quadrature  component  of  the  airloads  is 
increased  significantly.  This  is  roughly  equivalent  to  a 
significant  increase  in  the  effective  reduced  frequency  as 
compared  to  the  infinite  spacing  case. 
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Comparison  of  the  potential  flow  aerodynamic  damping  analysis 
(reference  1  or  the  infinite  spacing  results  of  reference  9 ) 
to  the  indications  of  aerodynamic  damping  from  the  rotor 
airloads  data  requires  that  an  assumption  be  made  as  to  the 
effective  reduced  frequency.  The  infinite -spacing,  first- 
harmonic  reduced  frequency  obviously  should  be  based  on  the 
rotational  velocity  of  the  section.  That  is. 


kln 


£0. 

2ftr 


=  c_ 
2r 


(3) 


To  avoid  the  selection  of  an  arbitrary  larger  number  or  an 
empirical  factor  on  k^ ,  a  reduced  frequency  based  on  the 
forward  flight  velocity  is  suggested.  This  velocity  obviously 
has  less  theoretical  justification,  but  a  good  first-order 
estimate  of  the  damping  is  provided. 


Thus, 


(4) 


For  test  point  36  with  an  advance  ratio  of  0.33,  the  first- 
harmonic  forward -velocity  reduced  frequency,  klv,  is  0.098. 
The  pitching  moment  at  the  quarter-chord  equations  of  the 
theory  reduce  to 


Cm  =  0.006cs-0. 154  (ot/u) 

(5) 

C£  =  5.510-1.23  (a'/G)  . 

(6) 

The  assumption  that  =  Cn  is  made,  and  the  relation  between 
Cra  and  Cn  that  results  is  plotted  in  Figure  41  by  making  use 
of  the  experimental  mean  aerodynamic  center.  It  is  believed 
that  the  comparison  shown  is  an  excellent  first-order 
approximation.  This  comparison  is  believed  to  be  typical  of 
data  points  which  were  obtained  with  small  sweep,  low  Mach 
number,  and  without  stall. 

STALL  PREDICTION  BY  UNIFORM-DQWNWASH  THEORY 

The  uniform-downwash,  rigid-blade  rotor  analysis  was  selected 
for  comparison  with  the  indications  of  stall  from  the  airload 
measurements,  since  this  simple  analysis  is  generally  used  in 
contemporary  stall  criteria.  This  theory  is  known  to  be 
significantly  in  error  in  its  prediction  of  angle  of  attack 
and  will  eventually  be  abandoned;  however,  this  evolution  is 


67 


Figure  41.  Comparison  of  Aerodynamic  Damping  Predicted  by 
Potential  Flow  Theory  and  Test  Data. 


slow.  It  is  expected  that  the  use  of  a  nonuniform-downwash 
stall  criterion  will  avoid  most  of  the  limitations  to  be 
discussed. 

An  initial  problem  encountered  in  this  comparison  was  that  a 
representative  blade  station  had  to  be  sr lected.  It  was 
decided  that  the  75-percent  radius  station  was  more  likely  to 
indicate  more  serious  consequences  of  stall, and  it  was  there¬ 
fore  selected.  This  station  is  rather  far  from  the  blade  tip; 
this  situation  raised  questions  as  to  the  applicability  of 
-  a  (1.0,270).  It  should  be  noted,  however,  that  for  the 
rotor  conditions  considered,  the  difference  between  *a  (1.0,  270) 
and  the  angle  of  attack  at  the  75-percent  radius  and  270 
degrees  is  less  than  one-half  of  one  degree.  Nonuniform 
downwash  calculations  for  these  conditions  show  that  the  75- 
percent  radius  angle  of  attack  is  about  3.5  degrees  larger 
than  the  uniform-downwash  angle  of  attack.  The  shift  from  the 
tip  angle  of  attack  to  conditions  at  the  75-percent  radius  is 
therefore  significantly  less  important  to  this  discussion  than 
the  initial  assumption  of  uniform  downwash.  The  value  of 
~  a  (1.0,270)  was  therefore  proposed  for  this  evaluation  as  a 
barometer  of  the  severity  of  the  operating  condition;  but  as 
shown  below,  even  this  qualitative  indication  does  not  apply 
consistently. 

The  results  of  this  comparison  are  shown  in  Figure  42,  using  the 
same  stall  points  presented  in  Figure  37.  It  was  expected 
that  the  maximum  normal  force  coefficients  obtained  would  have 
a  less  complicated  relation  to  *a (1.0,270)  than  is  shown. 

While  it  is  at  present  only  a  supposition  th  it  larger  values  of 
(Cnp)max  indicate  more  severe  blade  section  operating  condi¬ 
tions,  it  was  anticipated  that  the  variations  due  i.o  gross 
weight  and  rpm  would  be  reflected  in  *« (1.0, 270) .  From  these 
data, it  is  concluded  that  any  use  of  the  uniform-d  wnwash  angle 
of-attack  calculations  should  be  made  with  suspici  n.  If  this 
theory  must  be  used,  the  filled  symbols  of  Figure  2  indicate 
that  aerodynamic  blade  stall  usually  occurs  at  anc  es  of  attack 
greater  than  about  9  degrees.  One  point  of  stall  hown,  which 
was  obtained  on  the  aft  rotor  with  increased  rpm,  occurred  with 
~a (1.0, 270)  of  only  6.3  degrees.  On  the  forward  rotor,  test 
points  without  stall  were  obtained  with  “a (1.0, 270)  values  as 
large  as  10.5  degrees.  At  best, it  appears  that  t!  s  theory  is 
inconsistent  in  its  prediction;  but  if  a  limit  is  o  be  estab¬ 
lished^  value  of  9  degrees  appears  reason  ble.  1  e  low  value 
of  ~a (1.0, 270)  has  a  section  retreating  blade  Mach  number  of 
0.3.  It  appears  from  the  preceding  discussion  of  1  ach  number 
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Figure  42.  Comparison  of  Maximum  Normal  Force  Coefficient  at 
75-Percent  Radius  to  Uni  form- Downwash  Rigid-Blade 
Retreating  Tip  Angles  of  Attack. 


effects  that  M(0.75,270)  should  be  less  than  0.3  for  the 
9-aegree  limitation  to  apply.  The  rotor  blade  tuft  study  of 
reference  21  is  noteworthy  in  this  regard  since  the  general  in¬ 
adequacy  of  the  uniform-downwash  theory  is  graphically  illus¬ 
trated.  It  appears  that  the  tuft  photographs  from  this 
reference  are  in  reasonable  accord  with  the  airload  pressure 
measurements.  The  three  points  obtained  have  been  added  to 
Figure  42.  These  points  indicate  that  *a  (1.0, 270)  greater  than 
9.6  degrees  but  possibly  less  than  11.8  degrees  is  required  for 
stall  at  the  75-percent  radius.  A  better  criterion  for  the 
aerodynamic  inception  of  blade  stall  effects  is  obviously 
required. 

PREDICTION  OF  BLADE  SECTION  ANGLE  OF  ATTACK 

In  a  further  effort  to  provide  a  basis  for  the  synthesis  of 
airfoil  data  and  for  aid  in  the  development  of  a  stall  criter¬ 
ion,  the  angle-of-att-.ck  distribution  for  one  test  condition 
was  calculated  using  the  available  nonuniform-downwash  theories. 
This  angle-of-attack  distribution  was  compared  with  the  CNP 
values  measured  for  this  test  conditon.  Since  there  is  little 
time  dependence  of  lift  at  the  frequencies  considered,  a  linear 
relation  between  CNP  and  angle  of  attack  is  expected.  Devia¬ 
tions  from  a  linear  relation  indicate  errors  in  the  angle-of- 
attack  prediction.  It  will  be  shown  that  a  simplified  non¬ 
uniform-downwash  theory  that  includes  blade  bending  gives  a 
good  prediction  of  the  azimuthal  angle-of-attack  variations. 

The  lack  of  proper  consideration  of  tandem  rotor  interfe.rence 
which  has  recently  been  shown  precludes  the  prediction  of  the 
azimuthal  average  angle  of  attack. 

There  are  presently  two  nonuniform-downwash  theories  in  use  at 
the  Vertol  Division.  One  of  these  theories,  described  in  de¬ 
tail  in  reference  4,  assumes  a  rather  sophisticated  array  of 
vortexes  in  the  downwash  flow  field  but  assumes  rigid  blades. 

For  this  report  the  angle  of  attack  predicted  by  this  theory  is 
defined  as  a (NUD-R) .  The  second  theory  has  a  simpler  nonuniform 
downwash  analysis  with  only  a  tip  and  a  root  vortex  but  includes 
blade  deflections.  The  angle  of  attack  from  this  theory  is  de¬ 
fined  as  a (SNUD-E) .  While  this  evaluation  was  being  made, it 
was  decided  to  determine  the  effect  of  adding  a  time  delay 
calculated  from  potential  flow  theory  to  the  more  accurate  of 
these  quasi-static  theories.  This  angle  of  attack  was  defined 
as  ada  and  was  added  to  a (SNUD-E)  as  follows: 

a da  =  a  (SNUD-E)  -K2/K1  £d  a (SNUD-E) /d  (7) 
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where  and  K2  were  evaluated  from  potential  flow  theory  at 
klV. 

The  three  angle-of-attack  distributions  which  were  obtained  for 
the  forward  rotor  at  test  point  46  are  shown  in  Figure  43.  A 
predominant  first -harmonic  variation  is  shown,  with  the  largest 
higher  harmonic  variations  shown  by  a (SNUD-E).  The  rate  term 
of  tends  to  smooth  the  irregularities  of  this  curve.  It 
was  expected  that  the  a (NUD-R)  would  have  the  smallest  oscilla¬ 
tions  since  the  wake  irregularities  are  less  pronounced  and 
blade  bending  is  not  included. 

The  comparison  of  these  three  angle-of-attack  distributions 
with  the  appropriate  CNp  data  is  shown  in  Figures  44,  45,  and 
46.  a(NUD-R)  is  shown  to  overpredict  the  azimuthal  average 
angle  of  attack  by  1.8  degrees  and  gives  only  a  fair  prediction 
of  the  azimuthal  waveform.  A  good  prediction  of  the  azimuthal 
waveform  would  be  indicated  if  the  CNP  values  fell  on  a  line 
similar  to  the  theoretical  Cn  variation  shown.  The  prediction 
of  a (SNUD-E)  is  much  better  by  contrast.  The  concave  upward 
shape  is  eliminated  and  the  local  bumps  near  90  and  270  degrees 
azimuth  are  smaller.  The  addition  of  the  rate  term  makes  the 
correlation  worse,  as  shown  in  Figure  46.  It  is  concluded  from 
this  study  that  blade  bending  must  be  included  in  the  calcula¬ 
tion  of  rotor  blade  angle  of  attack  and  that  the  tip  vortex 
effects  of  a (nud-R)  are  not  sufficiently  strong.  The  azimuthal 
error  of  a (SNUD-E)  for  this  test  point  is  plotted  in  Figure  47 
and  shows  that  this  theory  predicts  the  angle  of  attack  within 
one  degree.  This  is  regarded  as  excellent  agreement  for  the 
retreating  blade  and  from  an  analytical  viewpoint?  however,  the 
practical  significance  of  the  one-degree  error  shown  on  the  ad¬ 
vancing  blade  can  be  sizable. 

The  prediction  of  the  aft  rotor  angle  of  attack  of  a  tandem 
helicopter  by  the  a (NUD-R)  theory  is  somewhat  worse  than  for 
the  forward  rotor.  This  prediction  is  illustrated  in  Figure 
48  and  shows  considerable  azimuthal  variations  in  the  correla¬ 
tion.  An  average  angle-of-attack  difference  is  also  shown  un¬ 
expectedly  for  this  rotor.  This  difference  cannot  be  explained. 
It  is  generally  concluded  from  these  data  that  considerably  more 
work  is  required  before  the  tandem  rotor  nonun if orm-downwash 
theories  can  be  used  with  confidence  for  detailed  analyses. 

It  has  been  shown  that, with  a  proper  consideration  of  the 
effective  reduced  frequency,  the  first-harmonic  aerodynamic 
pitch  moment  damping  can  be  predicted.  Predictions  of  blade 
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stall  by  the  uni form -downwash  theory  are  inconsistent  and 
inadequate.  Angle-of-attack  predictions  with  a  simplified 
nonuni form -downwash  elastic-blade  theory  are  within  one  degree 
for  the  forward  rotor.  Aft  rotor  predictions  by  a  more  sophis¬ 
ticated  downwash  analysis  which  assumes  rigid  blades  are  poor. 
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DATA  CALCULATED  FOR 
THE  FORWARD  ROTOR  AT 
100  KNOTS  TRUE  AIRSPEED, 
33,000  POUNDS  GROSS  WEIGHT, 
230  ROTOR  RPM,  FOR 
COMPARISON  WITH  TEST 
POINT  NUMBER  46 


AZIMUTH  ANGLE, 


DEGREES 


Figure  43. 


Comparison  of  Angle-of-AttacJc  Values  from 
Various  Theories. 
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Cnp  or 


NOTE:  DATA  FROM  FLIGHT  NUMBER 

394,  RUN  NUMBER  2,  TEST 
POINT  NUMBER  46,  FOR  FORWARD 
ROTOR  AT  85-PERCENT  RADIUS 


u  (NUD-R) 


Figure  44.  Typical  Comparison  of  Normal  Force  Coefficient  Data 
to  Theoretical  Prediction  of  Non uni  form- Downwash 
Rigid-Blade  Analysis. 
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CNP 


NOTES: 


1.  DATA  RECORDED  ON  FLIGHT 
NUMBER  394,  RUN  NUMBER 
2,  TEST  POINT  NUMBER  46 


2. 


NP 


=  0.46 


02  46  3  10  12 

a (SNUD-E) 


Figure  45.  Typical  Comparison  of  Normal  Force  Coefficient  Data 
to  Simplified  Nonuni  form- Downw ash  Elastic-Blade 
Theory. 
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NOTES: 


1.  DATA  RECORDED  ON  FLIGHT 
NUMBER  394,  RUN  NUMBER  2, 

TEST  POINT  NUMBER  46 

2.  CNp  =  0.46 

3.  DATA  FOR  FORWARD  ROTOR  AT  85 -PERCENT  RADIUS 


-0.6 


-0.4 


-0.2 


Figure  46.  Effect  of  Adding  Time-Dependence  Correction  to 

Angle-of-Attack  Values  from  Simplified  Nonuniform 
Downwash  Elastic-Blade  Theory. 


NOTES : 


1.  DATA  FROM  FLIGHT  NUMBER  394,  RUN 
NUMBER  2,  TEST  POINT  NUMBER  46 

2.  THEORETICAL  ANGLE  OF  ATTACK  FROM 
NON  UN I FORM- DOWN WASH  ELASTIC-BLADE 
THEORY  USING  MEASURED  CYCLIC  TRIM 
AND  FLAPPING  ANGLES 

3.  SLOPE  OF  CNp-a  CURVE  ASSUMED 
TO  BE  5.73  PER  RADIAN 


AZIMU1.  ‘  LE  -  DEGREES 


Figure  47.  Angle-of-Attack  Error  of  Simplified  Nonuniform- 
Downwash  Elastic-Blade  Theory. 
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NP 


NOTES: 


1.  DATA  PROM  FLIGHT 
NUMBER  394,  RUN 
NUMBER  2,  TEST 
POINT  NUMBER  46 


Figure  48.  Comparison  of  Aft  Rotor  Normal  Force  Coefficient 
Data  with  Nonuniform-Downwash  Rigid-Blade  Theory. 
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COMMENTS  ON  THE  SYNTHESIS  OF  AIRFOIL  DATA 


The  possibility  of  the  synthesis  of  airfoil  data  from  the  air¬ 
load  pressure  measurements  was  suggested  in  reference  13,  and 
efforts  in  this  regard  have  continued.  The  present  findings 
suggest  that  the  approach  should  be  modified  somewhat  and  that 
this  effort  can  also  result  in  the  prediction  of  the  effects 
of  sweep  and  the  negative  damping  due  to  stall  and  compressi¬ 
bility.  This  effort  remains  an  enormous  task  with  a  mandatory 
requirement  for  computer  data  processing,  but  the  resulting 
increased  understanding  of  rotor  aerodynamics  which  can  be 
produced  is  believed  to  be  worthwhile. 

The  recommended  approach  is  outlined  in  Figure  49.  For 
the  tandem  rotor  airloads  data,  the  steps  up  to  the 
calculation  of  the  airloads  coefficients  have  been  accom¬ 
plished  and  are  published  in  reference  3.  These  data  are 
illustrated  in  this  volume  and  in  Volume  IV  of  this  report. 

This  task  should  also  be  accomplished  for  the  other  available 
airloads  data. 

It  appears  at  this  juncture  that  a  program  is  necessary  to 
improve  the  CMP-CNp  relationship.  A  least-squares  fit  of  a 
straight  line  should  be  made  to  the  Cj*p  and  c^p  data  so  that 
the  mean  aerodynamic  center  shift  can  be  subtracted  from  the 
CMP  values*  A  statistical  analysis  of  the  aerodynamic  center 
data  should  be  made  to  evaluate  this  important  parameter.  It 
also  appears  from  the  data,  of  the  type  shown  in  Figure  32, 
that  the  vortex  proximity  spikes  in  the  Cmp-Cjjp  relation  should 
be  faired.  The  prediction  of  the  vortex  spikes  is  probably 
important,  but  this  is  believed  to  be  a  separate,  more  compli¬ 
cated  problem.  Fairing  these  data  could  be  accomplished  by 
sequentially  fitting  circular  arcs  through  every  possible  three 
data  points  between  0  and  120  degrees  azimuth.  The  Cj^p  points 
which  cause  a  large  change  in  the  circular  arcs  would  be  re¬ 
placed  by  a  faired  value. 

A  significant  change  of  philosophy  in  the  synthesis  is  the 
recommended  abandonment  of  rotor  theory  for  the  prediction  of 
angle  of  attack.  Since  CNP  is  closely  related  to  angle  of 
attack,  the  use  of  a  theoretical  value  is  unnecessary  for  the 
present  purposes.  While  the  Cjjp/angle-cf-attack  relation 
probably  becomes  complicated  when  the  sweep  angles  and  sweep 
rates  are  signifi ;ant,  the  rotor  theories  are  also  of  question¬ 
able  value  for  these  conditions.  A  significant  problem  which 
must  be  resolved  with  this  approach  is  that  an  effective 
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Figure  49. 


Block  Diagram  Illustrating  Recommended  Approach  to 
Airfoil  Synthesis  from  Rotor  Blade  Airload  Pressure 
Measurements. 
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reduced  frequency  relation  must  be  established.  It  may  be 
found  that  the  mixed  motion  effects  of  the  higher  harmonic 
variations  on  the  predominantly  first-harmonic  variation  must 
be  considered.  As  a  starting  point, it  appears  that  only  the 
fir st- harmonic  phase  shift  in  the  Cfgp/anale-of-attack  relation 
is  required. 

The  next  step  recommended  is  to  sort  the  data  into  angle-of- 
attack  groups.  This  sorting  must  include  transfer  of  all  data 
point  identification  and  the  parameters  of  Mach  number,  angle 
of  attack,  angle  of  sweep,  etc.,  for  these  points.  The  angle- 
of-attack  groups  should  then  be  sorted  for  sweep  angle  and 
rate.  A  criterion  for  sweep  angle  and/or  sweep  rate  for  this 
sorting  must  be  established;  however,  as  shown  in  this  report, 
sweep  angles  of  30  degrees  amplitude  are  large.  The  large- 
sweep-angle  data  should  be  treated  separately.  The  suggested 
sweep  study  cannot  be  defined  at  this  time  other  than  to  sug¬ 
gest  that  attempts  at  correlation  should  be  made  between  CMC 
and  A,  dA/dij,,  etc. 

The  small-sweep-angle  data  should  then  be  sorted  into  reduced 
frequency  groups.  A  linear  least-squares  fit  of  a  constant  and 
the  angle-of-attack  rate  term  should  then  be  made  to  correlate 
with  available  data.  For  the  low  angle-of-attack  data  groups, 
the  coefficients,  A  and  B,  should  be  comparable  to  the  poten¬ 
tial  flow  values  such  as  given  in  equation  (7) .  At  high  angles 
of  attack, these  coefficients  should  be  similar  to  the  stall 
flutter  damping  coefficients  of  reference  5  or  20.  if  these 
coefficients  do  not  compare, it  is  believed  either  that  mixed 
motion  is  significant  or  that  the  reduced  frequency  evaluation 
was  in  error.  Obviously,  modifications  must  be  made  if  this 
occurs,  it  is  expected  that  the  analysis  will  be  comparable 
but  that  the  simple  Cj^-a^  relation  proposed  gives  poor  corre¬ 
lation.  This  relation  should  then  be  expanded  to  include  the 
cross-product  terms  aa,  aa,  etc. 

The  approach  to  the  synthesis  of  airfoil  data  suggested  is 
believed  to  be  straightforward,  with  the  largest  problems  being 
produced  by  the  large  amount  of  data  which  must  be  manipulated. 
A  substantiating  theoretical  analysis  is  required  to  establish 
an  effective  reduced  frequency,  but  the  first-order  estimates 
presented  earlier  in  this  report  could  be  used  initially.  The 
remaining  tasks  are  sorting,  fitting,  and  evaluating.  This 
process  must  be  iterative,  starting  with  simple  relationships 
and  continually  refining  the  fit.  It  is  net  expected  that  an 
exact  fit  will  ever  be  obtained  due  to  the  inconsistent  nature 
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of  stall  and  the  peculiarities  of  the  unstable  rotor  wake; 
however,  even  the  first  iteration  of  this  process  should  pro¬ 
vide  a  significant  improvement  over  the  present  rotor  airfoil 
data. 
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CONCLUSIONS 


1.  blade  stall  effects  are  clearly  shown  in  the  rotor  airloads 
pressure  measurements  when  these  data  are  reduced  to  coef¬ 
ficient  form.  The  most  significant  effect  of  stall  illus¬ 
trated  by  the  airloads  data  is  an  aerodynamic  negative 
pitch  moment  damping.  Blade  section  normal  force  coeffi¬ 
cient  data  do  not  show  a  significant  change  with  stall. 

2.  Practical  consequences  of  blade  stall,  as  reflected  in  ex¬ 
cessive  loads  or  excessive  blade  motions,  are  not  the  same 
as  the  aerodynamic  evidence  of  stall.  Aerodynamic  evidence 
of  stall  has  been  found  for  many  test  points  well  within 
the  boundary  of  the  thrust-coefficient/advance-ratio  region 
of  high  dynamic  loads.  These  test  points  were  explored 
thoroughly  in  the  development  of  the  CH-47A  helicopter  to 
ensure  that  the  blade  loads  and  motions  were  satisfactory, 
and  therefore  these  high-gross-weight  low-speed  test 
points  were  not  studied  in  this  program.  However,  the  high¬ 
speed  light-gross-weight  test  data  obtained  show  "stall" 
effects  in  the  rotor  loads  and  motions  data.  These  prac¬ 
tical  indications  of  stall  (and/or  compressibility)  are 

the  following: 

a.  Blade  flapping  motion  changed  slightly  with  stall.  A 
small  increase  in  the  longitudinal  first-harmonic 
amplitude  occurred.  Eighth-harmonic  flapping  increased 
rapidly  with  stall,  apparently  due  to  a  significantly 
increased  third-mode  flapwise  blade  bending. 

b.  Rotor  and  hub  drag  (measured  as  shaft  shear)  increased 
significantly. 

c.  Rotor  power  increased. 

d.  Alternating  flapwise  blade  bending  at  the  85-percent 
radius  doubled. 

e.  Chordwise  blade  bending  at  the  midspan  increased. 

f.  Blade  torsion  and  the  resulting  control  loads  show  a 
significany  change  in  azimuthal  waveform  due  to  stall 
Alternating  control  loads  diverged  sharply  from  the 
usual  speed-squared  relationship. 
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The  relationships  of  aerodynamic  stall  to  the  practical 
manifestations  of  rotor  problems  are  inadequately  defined 
at  the  present  time;  study  in  this  area  should  continue. 

3.  Blade  stall  as  determined  from  the  airloads  pitching  moment 
data  appears  to  be  related  to  the  maximum  normal  force 
coefficient  which  is  achieved;  this  relationship  is 
dependent  on  Mach  number.  Aft  rotor  stalling  appears  to 

be  more  sensitive  than  that  of  the  forward  rotor  to  vari¬ 
ations  in  the  local  retreating  blade  Mach  number.  The 
measured  boundary  values  of  maximum  normal  force  coeffi¬ 
cient  and  Mach  number  for  rotor  blade  stalling  are  similar 
to  static  two-dimensional  airfoil  data. 

4.  Blade  stall  appears  to  be  related  in  a  complicated  manner 
to  the  angle  of  attack  of  the  retreating  blade  as  calcula¬ 
ted  assuming  rigid  blades  and  uniform  downwash.  There  is 
a  pronounced  effect  of  helicopter  gross  weight  on  this 
relationship,  indicating  that  the  blade  section  angle  of 
attack  is  not  calculated  adequately  with  these  simple 
assumptions.  However,  to  make  use  of  this  convenient 
theory  and  to  ensure  that  no  pitching  moment  stall  effects 
occur,  a  limiting  angle  of  attack  (based  on  this  theory) 
of  about  9  degrees  should  be  imposed.  If  the  section  Mach 
number  at  the  75-percent  radius  of  the  retreating  blade  is 
greater  than  0.3,  this  limitation  should  be  used  with 
particular  caution.  Practical  consequences  of  stalling 
can  occur  if  these  limitations  are  exceeded. 

5.  Compressibility  effects  on  the  advancing  blade  can  produce 
negative  aerodynamic  damping  if  the  section  Mach  number 
exceeds  0.85.  Both  the  forward  and  aft  rotors  experience 
compressibility  effects  but  usually  not  at  the  same  test 
point.  This  difference  is  believed  to  be  due  to  the 
differences  in  the  radial  distribution  of  the  blade  load¬ 
ing  on  the  two  rotors. 

6.  Rotor  blade  section  sweep  appears  to  produce  a  significant 
delay  in  blade  stall.  Sweep  and/or  the  rate  of  change  of 
sweep  apparently  also  tend  to  reduce  aerodynamic  damping. 

7.  Reversed-flow  effects  are  shown  to  be  more  significant 
than  expected.  The  reversed-flow  region  appears  to  be 
about  20  percent  of  the  blade  radius  larger  than  the 

r/R  =  -p  '  simi*  circle.  Forward  rotor  loadings  in  reversed 
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flow  are  considerably  different  from  those  of  the  aft 
rotor,  apparently  because  of  the  upwash  at  the  forward 
rotor  produced  by  the  aft  rotor. 
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RECOMMENDATIONS 


1.  The  investigation  of  blade  stall  effects  based  on  rotor 
airloads  measurements  begun  in  this  report  should  be  con¬ 
tinued.  A  rigorous  criterion  for  stall  should  be  developed. 
Methods  of  predicting  the  magnitude  of  the  negative  aero¬ 
dynamic  damping  due  to  stall  are  required.  Time-dependent 
airfoil  coefficient  synthesis  is  recommended. 

2.  The  effects  of  compressibility  should  be  isolated  from  the 
available  rotor  airloads  data.  It  is  shown  in  this  report 
that  compressibility  effects  can  be  significant.  A  cri¬ 
terion  for  determining  when  compressibility  effects  become 
significant  in  producing  rotor  loads  is  required. 

3.  A  separate  study  of  reversed-flow  effects  should  be  made, 
as  the  reversed-flow  region  has  been  shown  to  be  of  greater 
significance  than  expected.  The  stall  relief  and  negative 
damping  due  to  blade  section  sweep  should  be  studied  and 
defined. 

4.  Rotor  blade  airfoil  sections  which  have  dynamic -aerodynamic 
characteristics  at  stall  which  are  better  suited  to  rotor 
operations  should  be  developed.  Pitching  moment  character¬ 
istics  which  give  more  damping  at  5  to  8/rev.  frequencies 
are  needed. 

5.  Rotor  blade  designs  with  an  increased  third-mode  flapwise 
bending  frequency  should  be  developed  to  reduce  the 
coupled  effects  of  stall.  Sharply  tapered  outer  blade 
panels  should  also  be  evaluated. 

6.  Resolution  of  rotor  airloads  data  to  a  form  which  is  usable 
in  rotor  analyses  should  follow  the  approach  discussed  in 
the  text  of  this  report.  This  airfoil  section  data  syn¬ 
thesis  is  a  sizable  task  and  should  be  continued  without 
further  delay. 
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